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Esterification  reactions  are  of  great  interest  to  the  food  and  cosmetics 

research,  esterification  reactions  have  been  carried  out  in  water-in-oil 

The  esterification  of  glycerol  and  fatty  acid  in  the  presence  of  lipase  was 
carried  out  in  a water/dieihylhexyisulfosuccinate  (AOTj/hydrocarbon  miaoemulsion 
system  which  provides  a large  interfaciai  area  for  reaction  to  occur.  The  various 
parameters  like  oil  chain  length  of  continuous  phase,  unsaiurationof  fatty  acid,  chain 
length  of  fatty  acid,  water/ AOT  ratio  and  oleic  acid/glycerol  ratio  are  important  for 
esterification.  HPLC  anaiysis  of  samples  from  miCToemulsions  showed  the  presence 
of  mono-  and  diglycerides.  Tlie  average  size  of  reacting  microemulsion  droplet-swas 
measured  by  the  QEL5  technique. 


The  major  obstacle  for  commercial  use  of  traditional  microemulsion  systems 
based  on  surfactants  like  AOT  and  CTAB  Is  very  low  substrate  concentration  in  the 
oil  phase  (<6  % by  weigbt).  This  limits  the  economical  viability  for  process 
development.  A new  miaoemulsion  system  was  developed  where  the  oii-water 
interface  was  stabilized  by  oleic  acid  (a  substrate),  Na-oleate  and  t-bulanol.  This 
mictoemulsionsolubliizes  a large  amount  of  aqueous  phase  (40-4S  %by  wL)  and  has 
a high  substrate  concentration  of  oleic  acid  in  oil  phase  (20  %by  wt.).  Thesirucnire 
of  this  microemulsionwas  charaaerized  by  PGSE  KMR  which  showed  the  presence 
of  reverse  micelles.  Mono-  and  diglycerides  but  no  triglycerides  were  the  products 
from  this  miCToemulsion  system. 

glycerol  and  water.  The  enzyme  solution  was  injected  under  the  compressed 

diglycerldes  and  triglycerides,  The  formation  of  triglycerides  in  monolayer 
experiments  is  believed  to  be  due  to  the  favorable  orientation  and  longer  residence 
time  of  products  at  the  air-water  interface  compared  to  the  oil/tvater  interface  in 

Foams  were  generated  by  blowing  air  through  a solution  of  glycerol,  water. 


presence  of  diglycerides  and  triglycerides  similar : 


CHAPTER  1 
INTRODUCTION 

1.1  Overview 

Esierificailon  reactions  ace  lechnologically  significant  because  of  their 
importance  to  several  industries  related  to  foods,  cosmetics,  and  coatinp. 

This  chapter  deals  with  background  information  related  to  fatty  acid 
esterification,  lipase  catalysis,  types  of  media  for  lipase  catalyzed  reactions, 
microemuUions,  and  lipase  catalyzed  reactions  in  microemulsions.  Important  and 

following  sections  of  this  chapter. 


A reaction  between  a carboxylic  acid  and  an  alcohol  to  produce  on  ester  and 
water  is  defined  as  an  esterification  reaction.  This  reaction  is  reversible  {see  figure 

esters  and  free  fatty  acids:  alcoholysis,  where  the  reactants  are  esters  and  alcohols: 

Involve  the  breakage  and/or  reformation  of  ester  bonds. 


I Schematic  represenutic 


' esierificaiioa  reactions. 


IndusmaLAPDlicalions 


related  indusiries.  For  example,  most  cooking  oils  contain  primarily  iriesiers  of 
glycerol  (a  three-carbon  tri-hydroxyl  alcohol)  and  fatty  acids  called  triglycerides.  The 
physical  properties  of  each  oil.  like  flavor  and  color,  are  directly  related  to  the 
composition  of  triglycerides  and  the  types  (saturated  or  unsaturated)  and  sizes  of 
fatty  acid  groups  contained  In  them  [1].  The  types  of  fatty  acids  present  also  dictate 

levels  |2],  and  some  unsaturated  fatty  acids,  such  as  llnoleie  acid,  are  essential  to  the 
human  diet  |3].  However,  the  presence  of  large  unsaiuraied  fatty  acid  content 
promotes  the  onset  of  rancidity,  which  occurs  due  to  peroxidation  [1|.  Thus,  the 
presence  of  desired  triglycerides  in  oil.  produced  by  esieriftcation,  irans-  or  inter- 
esterification  is  strongly  desired.  Moreover,  cheaper  abundant  oils  such  as  paJm  oil 
can  be  converted  into  less  abundant,  more  expensive  oils  such  as  cocoa  butler  by 
changing  the  fatty  acid  chains  of  triglycerides.  On  a further  extreme,  new  oils 
coniairting  the  desired  properties  can  be  ■|ailor-raade'  by  mixing  specific  triglycerides 
produced  through  esterification. 

Other  products  of  esterification  like  monoglycerides,  which  are  monoesiers  of 

cake,  ice  cream,  and  margarine  [1],  and  in  many  co.sme(ic  creatas  and  lotions  {4|. 
Monoglycerides  are  important  Intermediates  in  the  food  industry  for  synthesis  of 


uceiosiearins.  laciostearins.  and  miaed  iri|lycerides  [I],  Faity  acid  esters  of  other 
polyols,  such  os  ethylene  and  propylene  glycols,  also  are  of  extreme  Importance  in  the 
cosmetic  industry  as  emulsifiers  and  texturiaers  [4|.  The  properties  and  uses  of 
mono-,  di-.  and  triesiers  are  significantly  different:  thus,  cataiysis  by  enzymes  may  be 
desirable  to  control  the  selectivity  of  esterification. 

Fatty  acid  esters  of  sugars  and  sugar  derivatives  have  received  attention  in 
recent  years  as  useful  surfacianis/emulsifiers.  Specific  uses  include  food  emulsifiers 

detergent  formation  and  enhanced  oil  recovery  (due  lo  its  biodegradability),  and 
components  of  coaling  materials  such  as  paints  and  varnishes  [1,5]. 

Fatty  acid  esters  of  monohydroxyl  alcohols  also  have  a variety  of  uses.  Esters 
of  short-chained  fatty  adds  as  flavor  and  fragrance  ingredients  are  common 
components  of  foods  and  cosmetics.  For  example,  the  ester  of  butyric  acid  and 
ethanol  produces  the  fragrance  of  strawberries.  Also,  through  catalyzation  by 
enzymes,  esterification  and  related  reactions  can  be  used  for  enantiomeric  separation 
of  racemic  mixtures  of  alcohols  on  a preparative  scale  (6,7],  which  is  an  imponant 
process  step  in  pharmaceutical  syntheses.  In  addition,  ethyl  esters  of  fatty  adds  have 
been  investigated  as  substitutes  for  diesel  fiiel  [8]. 

12.3  Methods  of  Esierificaiion 

Triglyceride  oils  arc  derived  from  natural  products,  such  as  coiionseed  oil  and 
animal  fat.  through  extraction  driven  by  high  pressure,  temperature,  or  lipophilic 


13],  The  oils 


discoloraiion,  odor,  and  foaming.  Sueh  impuriiies  include  phospholipids,  free  fany 
acids,  aldehydes,  keiones.  and  pigments.  Treatment  with  hot  alkali  under  agitation 
cause.s  free  fatty  adds  to  saponify  and  separate  from  the  oil.  Other  refining  steps 
include  bleaching  with  adsorbents  (to  remove  pigments  and  soaps/aikali  left  from 
saponification)  and  deodorizing  with  vacuum  steam  distillation  (to  remove  aldehydes 
and  keiones),  often  known  as  the  Wesson  Method.  Oils  are  hydrogenated  to  convert 
unsaiurated  fatty  add  groups  of  triglycerides  to  saturated  spedes.  This  conversion 
increases  the  melting  points  of  oils  and  lessens  their  susceptibility  to  peroxidation 
and.  hence,  rancidity.  This  process  is  carried  out  by  catalysis  over  nickel  at  high 
temperatures  (100-200°C)  and  under  vacuum.  Another  common  refining  step  is 
winterization,  where  refrigeration  over  an  extended  period  causes  solidification  of 
triglycerides  having  higher  melting  lemperatute.  The  liquid  fraction  could  then  be 
used  to  make  cooking  oil  while  ihe  solid  could  be  used  in  the  manufacture  of 
shortenings.  The  detailed  Informauon  on  the  refining  of  oils  and  Ihe  spedSc 
production  of  margarines,  shortenings,  and  other  food  otaieriaJs  is  given  elsewhere 
(U). 

The  modification  of  oils  through  cleaving  and  reforming  ester  bonds  is 
undenaken  for  various  reasons,  as  discussed  above.  Trans-esierificaiion  and  inter- 
esterification.  directed  by  high  temperatures  and/or  acid/base  or  metaJ  catalysis,  are 
the  most  common  procedures  [1].  As  an  example,  oils  are  mixed  with  fats  containing 
large  saturated  fatty  adds.  After  catalyzing  ester  interchange  In  an  oil,  one  can  alter 


the  properties  of  the  oil  by  changing  the  ratio  of  trisaiurated  to  triunsaturated  fats, 
which  affects  the  oil's  plasticity  behavior,  but  such  catalysis  is  rtot  common.  In  the 
last  decade,  the  use  of  lipases  as  biocatalysts  was  a major  thrust  of  research  due  to 
their  specificities  and  ability  to  react  at  ambient  temperatures  and  pressures.  This 
will  be  elaborated  below. 

In  the  first  half  of  the  century,  mono-  and  diglycerides  were  normally  derived 
from  hydrolysis  of  oil  triglycerides  or  the  alcoholysis  of  fats  by  glycerol.  These 
processes  must  be  conducted  at  high  temperatures  and  pressures  using  metal  catalysts 
and  are  often  limited  in  production  rate  artd  conversion  by  the  poor  solubilization  of 
the  former  (oils  or  fats)  into  the  latter  (glycerol).  A drawback  to  this  type  of  process 
is  its  poor  selectivity.  Nowadays,  most  food  companies  employ  the  process  of 
molecular  distillation  with  steam  to  recover  monoglycendes  from  oils  [9],  But  many 
high  temperature  processes  often  darken  the  color  of  produadue  to  formation  of  by 
product.  Therefore,  in  order  to  reduce  operating  costs  and  the  by-product  formation, 
en^rmaiic  hydrolysis  of  fat  has  been  Investigated  In  the  past  decade. 

The  esterification  between  glycerol  and  fatty  acid  has  been  employed 
Industrially  for  produedon  of  glycerides  using  a catalyst  (most  commonly,  sulfonic 
add)  at  high  temperatures  and  subatmospheric  pressures  [1],  The  extent  of 
esierincation  is  quite  sensitive  to  the  water  content  (water  removal  is  necessary)  and 
the  process  requires  agitation  and/or  the  addition  of  expensive  organic  solvents  (such 
as  dioxane)  for  cosolublizntion  of  glycerol  and  fatty  acid  to  overcome  mass  transfer 


limitations  (l|.  The 


, both  monoglyceride  positional 


isomers,  l-monoglyceride  and  2-monoglyceride.  Both  isomers  are  .similar  in  their 
surface  activities,  but  their  melting  properties  are  different  (10|.  The  poor  positional 
selectivity  of  the  monoglyceride  may  be  undesirable  if  production  is  designed  for  the 
developtttent  of  the  product  intermediates.  The  l-monoglycerides  formed  will  not 
be  optically  pure  (the  carbon  at  the  T position  of  the  glycerol  backbone  is  chiral), 
which  can  be  a disadvantage  if  it  is  to  be  used  as  a food  emulsifier  since  only  one  of 
the  two  stereoisomers  (l-monoglycerides)  is  readily  digestible  by  the  enzymes  of  the 


1.3.1  Iniroduciinn 

Engines  are  biological  catalysts  that  exhibit  activity  under  relatively  mild 
conditions  of  pH  and  temperature.  They  are  quite  specific  and  stereo-selective  in 
their  actions.  The  properties,  structure,  kinetic  mechanisms,  and  biochemistry  of 
enzymes  have  been  thoroughly  reviewed  [11.12],  Upases,  with  the  enzyme 
classification  EC  3.1. 1.1.  are  specific  for  the  formation  and  cleavage  of  ester  bonds 
containing  fatty  acids.  In  vivo.  Upases  are  found  near  fat  ceils  and  are  responsible 
for  the  hydrolysis  of  triglycerides,  which  is  the  first  step  in  fatty  acid  p-oxidation.  an 
energy-producing  metabolic  process.  In  addition,  many  organisms  employ  Upases  to 
digest  imbibed  fats.  Also.  Upases  are  responsible  for  the  synthesis  of  lipids  needed 
for  coasirualon  of  cell  walls  and  membranes.  The  reactions  of  lipase  are  reversible; 


use  because  (hey  operate  under  mild 


respect  to  temperature.  pH.  ionic  sirengtb.  and  so  on.  In  addiiioa  lipases  do  not 
require  cofaciors  or  coenzymes  such  as  NADH.  Furthermore,  many  species  of  Iipo.se 
ore  readily  available  at  relatively  low  costs.  Lipases  available  comoiercially  are 

Each  lipase  type  has  its  own  specific  catalytic  behavior.  Each  lipase  has  its 
own  unique  (but  usually  slight)  preferences  toward  certain  fatty  acids  as  reaciont-S. 
or  substrates,  based  on  fatty  acid  size  and/or  degree  of  unsaturation.  Upases  can  be 
divided  into  three  major  categories  of  speclEcity  [I3|t 

esters  only  at  the  outer  hydroxyls  of  glycerol.  Tbe  hydroxyl  group  at  the  middle  or 
T position  of  glycerol  is  left  intact.  An  example  is  the  lipase  found  in  the  fungus 
RJikopui  delemar.  which  catalyzes  the  esterification  to  form  l-monoglycerides. 

(b)  Those  that  are  specific  for  cenain  fatty  acids.  For  example,  lipase  from 
fungus  Geariclium  canduliwn  possesses  asirong  specificity  for  esierifying/hydrolyzing 
unsacurated  fatty  acids  with  a carbon-carbon  cis  double  bond  at  the  9-positian. 
Another  example  is  lipase  from  fungus  Aspagillia  nigtr.  which  is  specific  for  short- 
chain  fatty  acids.  Each  lipase  has  its  own  unique  (but  usually  slight)  preferences 
toward  certain  fatty  acids  as  reactants,  or  substrates,  based  on  fatty  acid  size  and/or 
degree  of  unsaturation. 

(c)  Those  that  have  no  strong  specificities  toward  position  or  subsiraie.  An 
example  is  the  lipase  from  the  baaeria  Candida  cylindraceu  which  can  completely 


cleave  triglycerides  into  glycerol  und  fatty  acids. 

A good  review  on  lipase  types  end  their  propcrtie.s  is  available  in  the  literature 
[14|.  Catalyiically,  lipases  act  at  or  near  interfaces  115].  This  Is  not  surprising  when 
one  considers  the  hydrophobicity  of  the  substrates  Involved  and  the  fact  that  lipases 
arc  employed  in  the  synthesis  of  lipid  bilayers.  In  terms  of  mechanism,  lipases 

a nucleophilic  attack  by  lipase  on  an  acyl-contoining  substrate  (such  as  a fatty  acid 
or  ester)  [16],  Nucleophiles  such  as  alcohols  and  water  then  compete  with  the 
enzyme  to  bond  with  the  aqrl  group. 


Industrial  applications  of  lipases  have  been  thoroughly  reviewed  [17.18].  Most 
of  the  applications  involve  lipase  biocatalysis  for  production  of  specific  products 
synthesized  by  hydrolysis  or  esterification:  these  products  were  briefly  mentioned 
earlier.  Lipase  is  added  to  many  products  to  alter  their  composition  and  properties 

and  alcoholicbeverages  for  fermentative  purposes  |!8].  Also,  lipases  are  often  added 
ID  detergents  to  assist  in  the  breakdonm  of  fats  and  greases  [18],  Therefore,  (he 
demand  for  commercially  available  lipases  is  growing.  The  major  problem  in  the 
application  for  lipases  however,  is  the  development  of  a proper  reaction  medium 
because  lipases  are  most  effective  at  the  oil-water  interface. 


l.J..l_lnirQduciiQn 


The  seleciion  of  a medium  for  reaaions  using  lipases  is  based  on  many 
factors.  The  primary  one  is  solubilization  of  substrates  such  as  fatty  adds  and 
glycerides,  which  requires  hydrophobicicy;  but  to  activate  the  reaction,  the  medium 

the  enzyme-  Therefore,  various  types  of  biphasic  and  heterogeneous  media  have 
been  employed.  Most  traditional  biphasic  media  have  been  based  in  aqueous 

bilayers,  were  compared  in  a comprehensive  review  [IS]  as  reaction  media  for  lipase. 
These  media  have  been  applied  to  carry  out  hydrolytic  reactions,  not  esteriGcatlons. 
because  the  large  water  content  limits  the  kinetic  equilibrium  of  esterification.  Such 
media  also  have  other  disadvantages  when  used  as  a host  for  lipase  catalysis.  For 
example,  o/w  emulsions,  which  are  micron-sized  dispersions  of  oil  (commonly 
triglycerides)  in  aqueous  solution  solubilized  by  the  action  of  emulsifiers,  provide 
small  interfadal  area.  This  limits  the  quantity  of  sites  available  for  biocatalysis. 
Furthermore,  emulsions  are  thermodynamically  unstable  and  require  agitation.  Lipid 
monolayers  formed  at  air/waier  or  oil/water  interfaces,  and  vesicles  which  are 
spherical  cavities  encapsulated  by  lipid  bilayers  are  the  media  that  come  the  closest 
to  mimicking  in  vivo  lipase  bincatalysis  sites  (lipid  bilayers  form  biological  cell  walls 
or  membranes),  but  their  preparation  can  be  difficult  [15.19].  The  solubilization  of 
hydrophobicsubstrates  is  generally  poor  and  they  are  very  sensitive  to  the  properties 


condiiions.  Aqueous  micelles  are  small  dispersions  of  hydrophobic  maierial  in  waier 

hydrolytic  biocaialysis.  An  aqueous  micelle  has  a large  inierfacial  area  and 
preparation  of  aqueous  micelles  is  relatively  simple  and  reproducible. 
Microemulsions  (water-in-oil  type)  have  many  advantages  for  hosting  esteriftcation 


Enzymatic  catalysis  in  as  organic  medium  has  becon 
in  the  past  decade.  It  has  many  important  advantage 


: research 


low  water  content,  desirable  to  shift  thermodynamic  equilibria  away  from 
hydrolysis: 

solubilization  of  hydrophobic  orgaitic  substrates: 


(less  ihui  1 weight  percent)  through  catalysis  by  suspensions  of  lyophilized 


enzyme  powder.  A recent  review  by  Dordick  (22|  discusses  the  preparation 
techniques,  operating  conditions,  important  considerations,  and  applications  of 
enzyme  suspensions  in  organic  solvents.  Most  of  the  research  in  this  area  has 
involved  lipases  that  have  catalyzed  the  follotving  reaaions:  fatty  acid-sugar 
esterification  (23],  separation  of  racemic  mixtures  (7.24],  lactone  synthesis  (formation 

(21,26.27,28.29].  glycol  esterification  (30.31J2],  interesierification  (33).  and 
glycerolysis  [34,35]  of  fats  and  oils.  A reasonably  high  conversion  and  enhanced 
enzyme  stability  can  be  achieved:  however,  the  degree  of  success  was  strongly 
dependent  on  the  water  content  (20].  Although  a small  amount  of  water  must  be 
present  to  hydrate  the  enzyme’s  charged  amino  and  carboxyl  groups.  Any  additional 
water  promotes  hydrolysis  and  lessens  conversions.  Thus,  an  optimal  water  content 
exists:  slight  deviation  from  the  optimal  value  lessens  desirable  levels  of  en^me 
kinetics.  Lipases  are  reported  to  have  half  lives  of  l.S  hours  at  100°C  which 
represents  extreme  conditions  for  enzyme  catalysis  (most  lipases  are  stable  up  to-40- 
S(1°C)  (20).  In  addition,  the  enzyme  activity  is  very  sensitive  to  additives  like  sugar 
and  ions,  which  adversely  affect  the  nature  and  quantity  of  the  enzyme's  bound  water 
(25],  and  nonpolar  organic  solvents,  which  strip  the  en^me's  bound  water  (2S).  The 
effects  of  the  water  content  in  such  media  caused  many  disadvantages  for 


tiy  many  authors  in  this  I 


is  often  formed  during  the  reunion  (this  U one  reason  wh 
have  examined  irans  and  interesterificaiion  to  form  new  esters  since  water  is  not  a 

amounts  to  control  the  water  content.  The  preparation  of  lyophillaed  lipase  powders 
has  a great  influence  on  the  reaction  since  impurities  and  ions  affect  the  enzyme’s 

in  Klibannv’s  laboratory  |36J7|  showed  that  recovered  enzyme  powder  recovered 
through  nitration  is  quile  active,  but  do  not  discuss  the  degree  of  recovery  of  enzyme 
aedvity.  Large  quantities  of  lipase  can  be  losi  to  adsorption  onto  the  filter 
membrane.  This  is  one  reason  why  immobilizaiion  of  lipases  has  been  invesiigaied 
[28J8,39]. 

the  addition  of  polyethylene  glycol  groups  so  that  agiladon  would  not  be  required. 
Results  showed  that  modifled  lipases  can  catalyze  a variety  of  reaaions  [28,38.39], 
but  their  reactivity  is  not  greater  than  that  of  suspended  crude  lipases  [39],  Lipase 
modified  with  ditbiothreiiol  interacts  with  disuiflde  bridges  between  amino  acid 
groups  (40).  This  modification  improves  operational  stability  but  not  thermal  stability 
without  loss  of  initial  enzyme  activity.  In  contrast,  others  found  that  lipase  modified 
with  gluiaraldehyde  enhanced  catalytic  stabiliiy.  but  signiflcamly  reduced  enzyme 
activity  [4!|.  Klibanov  suggests  that  the  slight  gain  in  en^rme  reactivity  is  not  worth 
the  extreme  effort  required  for  the  tedious  and  imprecise  derivation  techniques  |21]. 
Moreover,  enzyme  recovery  is  hindered  by  Its  solubility  in  the  media.  Researchers 


in  japan  have  derivitized  Upases  to  coniain  meial  so  that  lipases  can 


ia  by  applying  a magnetic  field  |42]. 


Upas< 


ppbcations.  The  majoi 
enzyme  aaivity.  Also 


advantage  of  immobilization  is  simplified  recovety 

review  [43]  discusses  types  and  methods  of  immobilization,  choices  of  immobiliza 
and  process  parameters.  The  methods  of  immobilization  of  lipases  include  physica 
adsorption  onto  solid  porous  supports,  entrapment 
miaoencapsulation.  and  covalent  cross  linking  of  lipases  with  each  other  aod/or  to 
a support.  Suppon  matrices  for  lipase  immobilization  Include  porous  glass,  silica, 
clays  and  ciliates.  and  dexirans  such  as  Sephadex. 

Lipase  adsorbed  onto  matrices  have  been  used  in  organic  solvents  in  a variecy 
of  applications,  including  oil  modification  by  interesteKQcation  (13.44, 4S]  or 
transesteriScaiion  [45.46],  alcoholysis  by  glycerol  [45|.  production  of  fatty  acid-alcohol 
esters  (8.40,41.47,481,  separation  of  racemic  alcohols  [49],  and  hydrolysis  of  penia- 
esiers  of  glucose  to  produce  other  glucose  esters  [SO],  Immobilized  lipase  catalysis 
produced  high  yields  of  esterification  [8,13.41,51]  and  excellent  retention  of  enzyme 
stability  (4831|.  This  allowed  the  design  and  use  of  packed  bed  reactors  of 
Immobilized  lipase  [13.43,S2.53|.  But  rates  of  conversion  were  often  slow  due  to 
activity  loss  during  the  immobilization  process  [43]  or  mass  trarufer  limitations  [54]. 
Overall,  these  types  of  media  for  lipase  have  potential  for  future  large-scale  use 
(depending  on  cost  analyses),  especially  with  respect  to  recovery  of  enzyme  activity. 


analyses),  especially  with  respect  i 
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reproducibility  problems.  Another  drawback  is  the  relatively  low  rate  of  product 

generally  shown  good  retention  of  en^me  activity,  lipase  stability  in  scaled'Up 
reactors  for  long  term  use  must  be  carefully  approached  since  enzymes  can  slowly 
degrade  with  time,  temperature,  agitation,  and  the  presence  of  water  [43|. 

Esterification  and  related  reactions  have  been  investigated  with  immobilized 
or  "free"  lipases  In  the  presence  of  substrates  (56-59].  The  major  advantage  of  such 

absence  of  solvents  will  improve  operational  safety  and  promote  higher  substrate 

viscous,  due  to  the  innate  properties  of  such  common  substrates  as  triglyceride  oils 

additional  pumping  and  heating  costs.  The  development  of  continuous  reaaor  design 

imposed  by  viscous  fluids  [52].  Omar  and  his  group  (56)  esterified  glycerol  and  oleic 
acid  in  the  presence  of  crude  lyophilized  lipase  from  Humicola  lamiginosa  at  room 
temperature  with  the  excess  of  oleic  acid.  They  received  a 75%  conversion  after 
three  days.  But.  the  product  distribution  was  mixed,  with  the  major  product  being 
monooleins.  When  they  tried  esterification  without  organic  solvents  between  oleic 

group  has  successfully  produced  an  esierificaiion  reaction  which  contains  almost 


entirely  triolein  in  a couple  day’s  time  using  oleic  acid  and  glycerol  in  the  absence 
of  organic  solvents  [57.58].  Water  removal  by  molecular  sieves  %vas  the  key  towards 
triglyceride  formation.  The  addition  of  the  sieve  at  the  latter  stages  of  the  reaaion 
is  important  to  promote  esterification  of  mono  and  diglycerides  [57].  Another  very 
interesting  result  was  achieved  with  a IJ  positional  specific  lipase  catalyzed 
esterification.  This  was  achieved  by  a rapid,  noncatalyzed  acyl  migration,  where  1.3 

high  oleic  acid  content  [59].  McNeil  el  al.  [34.35]  has  used  glycerolysis  of  oils  and 
fats  without  organic  solvents  by  a variety  of  free,  lyophilized  lipases  to  produce  a 
product  distribution  containing  80-90%  monoglycerides  within  five  days  by  monitoring 
temperature.  A high  temperature  was  first  applied  to  produce  rapid  esierificatioa 
then  the  temperature  was  reduced  and  held  constant  for  a few  days.  The  lowering 
of  the  temperanire  promoted  crysiallizailon  of  the  monoglycerides,  which  prevented 
its  further  esterification  toward  di-  and  triglycerides  and  promoted  favorite 
equilibtiumfot  further  glycerolysis  [35].  Here  the  problem  was  the  recovery  of  lipase 
[35]. 

between  glycerol  and  oleic  acid  has  been  developed  [60.61].  where  a stream  of  oleic 
add  comes  in  contact  with  a polar  stream  containing  glycerol,  lipase,  and  a small 
quantity  of  water  through  a hydrophobic  membrane  [60.61].  The  lipase  adsorbed 
onto  the  membrane  allowed  penetration  of  the  oleic  acid  and  glyceride  products  only 
due  to  the  hydrophobicity  of  the  membrane-  Here  the  maximum  esterification  of 


obmined  with  equimolar 


polar  stream  occasionally  was  stripped  of  some  of  its  water  content  by  molecular 
sieves,  and  some  enzyme  aaivity  was  lost  from  the  bioreaaor  in  3-4  weeks  |61|.  As 

improved  upon  by  addition  of  lipase  or  by  water  removal  |60j.  Also,  wiib  lime 
lipases  slowly  desorbed  from  the  membrane  (60|.  Potential  problems  with  scale-up 
of  all  membrane  bioreaciors  are  related  to  shear  tolerances  of  membrane,  large 
residence  limes  needed  for  biocalalysis.  and  difficult  maintenance  procedures  |6t]. 

which  are  colloidal,  aqueous  dispersions  in  organic  solvents.  This  is  the  medium 
chosen  here  for  hosting  lipase-catalyzed  esterlQcaijon  reactions.  The  properties, 
advantages,  and  applications  of  microemulsions  for  lipase-catalyzed  esteriGcation  are 
discussed  as  follows. 


It  is  well  known  the 
phenomenon  is  the  hydrogen 


vater  do  not  mix.  The  origin  of  this 
ter.  The  free  energy  that  mi^i  be  gained 
: some  nonpolar  molecules  (from  weak  Von  der  Woals  forces)  is  small 
he  free  energy  Ihat  would  be  lost  from  breaking  a hydrogen  bond  [63], 
and  water  are  mixed,  an  Inhomogeneous,  thermodynamically  unstable, 
IS  that  separates  into  two  components  over  time. 


IS 

Ii  i&.  however  possible  lo  mix  polar  liquids  like  water,  glycerol,  or  sceioniirile 

dispersions  with  the  help  of  suitable  sucl'aciants.  This  phenomenon  was  reported  by 
Hoar  and  Sehulman  (64)  who  proposed  the  "oieopaihic  hydro-micelle’  model  on 

working  with  the  surfactant-stabilized  water  droplets,  single  phase  mixture  of 

Microemulsions  may  be  defined  as  thermodynamically  stable,  isotropic 
dispersions  of  two  relatively  immiscible  liquids,  coasisting  of  micro-domains  of  one 

surfactants  |65}.  Surfactants  possess  an  amphiphilic  structure,  meaning  they  consist 
of  both  hydrophilic  and  hydrophobic  parts  in  their  molecular  structure,  which  makes 

nonionic  depending  on  whether  the  hydrophilic  pan  is  negatively  charged,  positively 
charged,  or  neutral.  A commonly  used  anionic  surfactant,  called  dioctvl  sodium 
sulfosuccinaie  (Aerosol-OT  or  AOT)  with  its  hydrophilic  anionic  sulfonate  "head" 
group  and  the  two  hydrophobic  ' tail"  groups  is  shown  In  Figure  1.2.  Figure  1.2  also 
shows  a water-in-oil  microemulsion  droplet  stabilized  by  AOT. 

There  are  three  easily  identified  types  of  microemuision.  An  oil-in-water 
(o/w)  microemuision  consists  of  a small  amount  of  oil  dispersed  in  a continuous 
water  phase  In  the  presence  of  surfactant.  In  such  a system,  head  groups  are  directed 
out  towards  the  water  and  non-polar  tails  are  pointing  inward.  The  solubilized  oil 


-igure  1,2 


AOT  and  schematic  representation  of  an  AOT  w/o  microemulsion  droplet- 
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is  dispersed  into  the  Interior  of  the  droplet.  A wuler-in-oil  <w/o)  microemulslon  is 
the  dispersion  of  a small  amount  of  water  in  a continuous  oil  phase.  In  this  case, 
head  groups  and  any  counter-ions  are  localized  in  the  interior  of  the  aggregate,  the 
water  is  solubilized  in  the  core  of  the  microemulsion  droplet  and  the  surfactant 
eshibits  negative  curvature.  In  the  third  type,  when  volumes  of  oil.  surfactant,  and 
water  are  similar,  the  mixture  shows  a biconiinuous  system  which  exhibits  fluauating 
curvature  (both  positive  and  negative).  There  is  no  dispersion  of  one  phase  into 
another  phase  in  the  biconiinuous  system:  each  phase  may  be  regarded  as  occupying 
opposite  sides  of  continuous,  interconnecting,  surfaaani-coaied  channels  (66).  Sucb 
biconiinuous  microemulsions  often  possess  high  viscosities  as  compared  to  o/w  or 
w/o  microemulsions  because  of  the  extended  structures  and.  like  an  o/w 
microemulsion.  it  shows  high  conductivity  due  to  the  presence  of  water  channels. 
Figure  IJ  shows  various  structure  formations  in  surfactant  solutions.  The 
hydrodynamic  radii  of  the  droplets  are  within  a very  narrow  range,  so  droplet  sizes 
are  reasonably  monodispersed.  It  can  be  shown  that  the  droplet  radii  are  a function 
of  (he  molar  ratio  of  water  to  surfactant  (w„).  This  parameter  w,  signifies  both 

The  main  driving  force  for  the  formation  of  a w/o  microemulsion  arises  from 
the  redualon  of  the  inierfadal  tension  (surface  energy  per  unit  area),  resulting  in  a 
reduedon  of  the  Gibbs  free  energy  of  the  system. 
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The  Gibbs  fr. 


AG,  = yAA  - TAS 
where  C,  is  the  Gibbs  free  energy  (in  Joules).  A represents  a small  change 
in  the  subsequent  parameier.  T Is  the  absolute  temperature  in  degrees  Kelvin,  S is 
the  entropy  <J  K ').  A is  the  surface  ares  of  the  interface  in  and  y is  the 
inierfaclal  tension  (N  m '). 

As  compared  to  the  area  of  phase  separated  system,  there  is  an  increase  in 
the  area  (A)  of  several  orders  on  mixing  oil.  water,  and  surfactant  to  form  a 
microemulsion.  In  order  to  compensate  for  this  effect,  there  must  be  a concomitant 

in  the  interfacial  tension  is  achieved  by  the  packing  of  surfactant  molecules  at  the 

coming  Into  direa  contaa  [67],  However,  change  in  the  entropy  also  affects  the  free 
energy  term.  While,  the  dispersion  of  one  liquid,  in  the  form  of  very  small  droplets, 
into  the  other  will  increase  the  entropy  of  the  system,  but  the  associadon  of 
surfactant  molecules  at  tbe  interface  can  signiTicanily  reduce  the  entropy.  This 

fluctuation  of  the  interface  which  reduces  ordering  in  the  surfactant  monolayer  and 
by  surfactant  motion  over  the  interface  and  surfactant  exchange  between  the 
interface  and  the  continuous  oil  phase.  The  net  change  in  entropy  associated  with 
microemulsion  formation  is  generally  considered  to  be  positive  and  therefore 


contributes  to  the  lowering  of  the  free  energy 


.5.2  The  Effeci  of  Surfaciam  Siruciiire 


The  manner  in  which  surfacianis  pack  uc  an  interface  is  depenileni  on  the 
molecular  geometry.  As  a consequence,  this  affects  the  type  of  organized  assembly 
formed  under  Hxed  conditions  of  temperature  and  pressure.  In  an  attempt  to 
quantify  this  effect  Mitchell  and  Ninham  [66]  introduced  the  concept  of  a surfactant 
packing  parameierfSp)  such  that 


where  V is  the  volume  of  the  surfactant's  hydrocarbon  tail.  L is  the  length  of  the 
hydrocarbon  tail,  and  A is  the  headgroup  area  at  the  oil-water  interface,  which  is 
determined  by  optimizing  the  opposing  forces  of  headgroup  repulsion  and  minimizing 

structures  having  positive  curvature,  such  as  spherical  and  cylindrical  micelles  and 
o/w  microemulsion.  Sp  < 1;  laminar  and  bicontinuous  structures  where  there  is  veiy 
little  net  inierfacial  curvature,  give  Sp  = i;  and  simctures  possessing  negative 


. give 


Using  the  packing  parameter  analysis,  one  can  see  why  twin-chain  surfactants 
like  AOT  show  more  tendency  to  negative  curvature  than  single -chain  surfactants  like 
CTAB,  since  having  extra  tail  has  a much  greater  effect  on  V than  on  A.  The 
Mitchell  and  Ninham  approach  also  goes  some  way  to  explain  the  co-surfactant  effea 
In  that,  by  adding  a medium  chain-length  alcohol.  V is  increased  relative  to  A. 
thereby  promoting  formation  of  w/o  microemulsiotis.  This  effeci  is  frequently 


(or  CTAB  in  linear  and  branched  alkanes  168], 


Interestingly.  Martin  and  Magid  [69|  observed  that  AOT  is  capable  of 
changing  its  Sp  by  simply  altering  the  relative  Drieniations  of  the  two  hydrocarbon 

isomer.  At  high  R-values  where  there  is  more  water,  thus  reduced  negative 
curvature,  the  proportion  of  trans-isomer  is  increased.  This  makes  the  wedge-shaped 
surfaaaou  less  broad  at  the  base,  thus  encouraging  more  efficient  packing  in  a near 
planar  arrangement.  This  more  efficient  packing  is  thought  to  be  a major  factor 
contributing  to  the  stability  and  high  solubiliaaiion  capacity  of  AOT  raicroemulsions. 

The  phase  diagram  of  water/ AOT/organic  solvent  media  has  been  well 
documented  |70).  Temperature  is  also  an  imponant  factor  in  influencing 
microemulsion  properties  and  phase  cumpositlon.  Also,  in  many  cases  the  role  of  the 
surfactant  needs  to  be  supponed  by  a cosurfacuuit.  such  as  short  or  medium-chained 
alcohols  (e.g.  l-pentanol).  in  order  for  water  to  be  solubilized. 

Microemulsions  have  many  unusual.  Interesting,  and  important  properties. 

the  nano  size  of  the  dispersed  droplets  of  100  • 1000  A gives  a large  polar/nonpolar 
interfacial  area  [71];  the  size  or  diameter  of  aqueous  droplets  in  w/o  microemulsions 
is  proportional  to  ihe  molar  ratio  of  dispersed  phase-io-surfaciant  prettent;  the 

in  nature  so  Ihe  droplets  are  constantly  colliding  with  each  other,  leading  them  to 


lilliseconds  [72.73.74|.  In  addition. 
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the  w'ater  solubilized  in  w/o  microemulsions  has  differeni  propeniw  compared  to 

water  molecules  by  the  "head"  group  of  the  surfactant  and  to  the  water-io-surfactam 
ratio,  For  AOT-coniaining  reverse  micelles  at  values  less  than  ca.  4,  the 
water  is  strongly  bound  to  the  surfactant’s  sulphonate  group  and  sodium  counterion; 
as  w„  is  increased  toward  cx  10.  the  water  added  is  still  bound  to  the  'head"  groups, 
but  not  as  strongly,  so  It  is  only  for  w„  values  of  10  or  less  that  water  has  properties, 

significantly  different  than  that  of  bulk  water.  These  altered  properties,  which  have 
been  compared  to  strongly  bound  water  near  biological  membranes,  and  the 

Furthermore,  at  low  values  of  w^  the  actual  pH  of  the  water  "pools'  may  be  different 
from  the  apparent  value;  the  di^erence  is  lessened  when  a buffer  sail  is  employed 
at  high  concentrations  and  the  pH  value  near  its  pKa  (77].  As  w,  values  are 
increased,  the  added  water  is  not  strongly  bound  to  the  inieritice  and  this  "tree"  water 

Microemulsion  droplet  sizes  and  their  behavior  are  very  sensitive  to  the 
presence  of  additives.  For  example,  the  presence  of  high  ionic  strength  aqueous 

"hard'  spheres  {78).  The  presence  of  long-chained  cosurfaciants  causes  the  same 
behavior,  while  short-chained  cosurfactants  reduce  interfacitU  curvature  and  promote 


collisions  [79].  The 


bilizaiion  of  large  molecules,  such 
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proteins,  causes  great  changes  in  the  structure  of  the  microemulsion.  When  proteins 
are  present  in  microemulsions,  there  exists  a bimodal  distribution  of  sizes:  one  for 
protein-containing,  or  "filled.”  micelles  and  one  for  "empty"  micelles  (SaSl],  This 
phenomenon  will  be  discussed  in  more  detail  below. 

Microemulsions  have  many  applications  inbiotechnolo^.  Most  of  tbese  have 
been  listed  and  discussed  in  a recent  review  [a2|.  One  of  the  most  interesting  and 
important  applications  is  for  the  extraction  of  proteins  and  amino  acids.  This 
process,  investigated  by  many  research  groups  worldwide  [S3,84.8S.86.S7].  involves  the 
selective  migration  of  proteins  or  amino  acids  from  an  aqueous  phase  into  a w/o 
microemulsioa  with  the  major  driving  force  being  an  electrostatic  potential  field 
between  the  net  charge  of  the  protein  and  the  charge  of  the  "head"  group  of  the 
surfactant.  'Back  extraction'  (done  by  increasing  the  ionic  strength  of  the  aqueous 
phase)  into  a fresh  aqueous  phase  can  then  be  used  to  reobtain  the  proteins.  Recent 
thermodynamic  models  illustrate  the  importance  of  electrostatic  interactions  between 
all  ionic  species  with  respca  to  protein  uptake  in  microemulsion  droplets:  model- 
generated  data  correlate  well  with  extraction  data  |8fi.S9|. 

Specific  areas  of  applications  include  enhanced  oil  recovery  [90,91],  oil-clean- 
up  [92],  catalysis  [93],  lubrication  [90,94],  preparation  of  inks  and  paints  [95], 
photochemistry  [74],  separation  and  recovery  of  Ions  |96.97],  and  polymerization  [98], 
Additional  applications  of  microemulsions  also  include  drug  delivery  systems  [99]  and 
models  for  mimicking  in  vivo  systems.  Microemulsions  containing  solubilized  nucleic 


phages  [100], 


coniaining  proteins  and  enzymes  may  be  studied  as  representations  of  membrane 
proteins  (101,102). 

I Enzvmaiic  Reactions  m w/a  Microemulsions 

Enzymatic  reactions  in  w/o  microemulsions  have  received  a great  deal  of 
attention  in  the  last  ten  years  with  many  comprehensive  reviews  being  written  on  this 
topic  (74.75, 103,104,1031.  There  are  many  advantages  to  using  biocatalylic  operations 
in  w/o  microemulsions.  These  Includes  substrate  solubilization  and  lower  water 
content.  Of  the  various  biphasic  media  in  existence,  w/o  microemulsions  have  the 
largest  interfadal  area,  thus  potentially  yield  impressive  en^nne-substrate 
Interaction.  In  addition,  since  w/o  microemulsions  collide  and  exchange  materials 

Another  important  advantage  is  the  ease  of  preparation:  no  tedious  immobilization 
or  emulsification  techniques  are  required.  Methods  of  preparation,  which  mainly 
involve  the  introduction  of  enzyme  to  the  media  by  the  injection  of  on  aqueous 
enzyme  buffer  solution,  solubilization  of  dry  lyophiiized  enzyme  powder  in  micellar 

elsewhere  (104),  Also,  for  certain  reactions  kinetic  analysis  can  be  monitored  with 
ultraviolet  spectroscopy  for  certain  reactions.  Furthermore,  kinetic  results  obtained 
In  microemulsion  systems  have  high  degrees  of  reproductlbility. 

There  are  however  major  disadvantages  in  reactor  design  and  process  scale- 
up.  Operation  Inw/o  microemulsions  is  inherently  abaich  process.  For  continuous 


snzyme-cunoining  w/o  miao«inulsic 


hollow  microfibcrs  from  a bulk  organic  snivcni  was  proposed  [I06|.  This  would  be 
panicularly  advantageous  for  reactions  that  produce  hydrophobic  products,  because 
the  product  can  easily  be  recovered  by  recirculating  the  bulk  organic  fluid.  However, 
most  species  interact  to  some  e^tentwiih  the  micellar  interface.  Thus,  in  many  cases. 

results  from  this  type  of  reactor  have  been  discouraging  [106].  perhaps  due  to  the 
mass  transfer  limitation  Imposed  by  the  microfiber  membrane.  Another  disadvantage 
involves  produa  recovery  from  a batch  process.  The  difflculties  are  caused  primarily 
by  the  presence  of  the  surfactant  and  a practicai  scheme  for  recovery  of  materials  has 
yet  to  be  developed.  Despite  these  problems,  the  recovery  of  en^me  activity  is 
feasible  through  micellar  back-exiraaion. 

In  terms  of  reverse  micellar  enzymology,  also  called  back-exiraaion  there  ore 
some  important  and  controversial  flndings.  The  rate  of  production,  symboliaed  by 
the  "turnover  number."  k„„  are  enhanced  for  chymottypsin  [lQ3.107.108j.  A recent 
thermodynamic  model  using  AOT  as  (he  model  surfaaani  predias  the  possibility  of 
enhanced  activity,  due  to  the  eleatosiaiic  repulsion  of  anionic  subsiraies  from  ihe 
interface  [109.U0].  In  general  in  work  conducted  with  hydrophilic  enzymes  and 

found  in  aqueous  or  other  media  cases  of  "superacttviry"  display  only  modest  gains 
|74].  However,  in  the  analysis  of  Michaelis-Menien  enzyme  kinetics  applied  to  w/o 
micToeroulsions  1103,105),  In  some  cases  differences  in  the  value  of  the  Michaeiis 


Constant,  Ky.  representative  of  the  stability  of  the  enzyme-substrate  intermediate, 
were  discovered  from  the  same  reaaion  in  aqueous  media  [74,!05].  The  larger 
values  of  Ky  for  reactions  in  w/o  microemulsions  could  be  attributed  to  more  stable 
enzyme  substrate  complexes.  Accurate  kinetic  modelling  for  reactions  in  w/o 
microemulsions  has  not  been  achieved. 

A third  interesting  result  involves  the  relationship  between  the  rate  of 
production,  k„p  and  w„,  the  water-surfactant  ratio,  which  is  proportional  to  micellar 
size.  In  general,  the  curve  of  k„,  versus  w,  is  bell  shaped,  indicating  that  an  optimal 
w,  value  exists  [104,10S|.  The  optimal  value  of  w,  often  corresponds  to  a micellar 
size  in  the  absence  of  enzyme  which  is  nearly  identical  to  the  volume  size  of  the 
enzyme  itself  [111],  This  observation  has  brought  about  many  possible  theories. 
Recent  modelling  attempts:  by  ihermodynamics/elearosiatics  [109],  diffusion 
and  size  distribution  of  w/o  microemulsions  [112]  have  oil  duplicated  the  beU-shaped 
dependence.  A recent  model  [113],  based  on  population  balance  techniques  like 
that  in  one  of  the  electrostatic  models  [109]  attributes  ibe  optimum  value  of  w„  to 
enhanced  substrate  cuncemraiion  in  the  vicinity  of  the  en^me.  The  diffusion  model 
[111]  Is  the  only  model  of  these  to  relate  the  bell-shaped  dependence  tt>  the  size  of 
the  biocaialysi.  although,  os  written  their  model  is  difficult  to  fully  comprehend. 
Experimental  data  suggests  that  reduced  aqueous  polarity  also  may  be  a faaor  [102]. 
Another  reason  atlribuied  to  the  bell-shaped  dependence,  os  well  as  the  case  of 
"superactivily,"  is  enhanced  conformational  changes  of  enzymes,  but  this  topic  is 


controversial-  It  is  generally  i 


I enzymes  do  not  change  : 


absence  of  substrates  (114)  > 


slightly  in  w/o  microemulsions  [75.76],  eicepi  in  the 
needed  ions  [IH],  Although,  one  research  group  has  found  evidence  of  changed 
sutelraie  specificity  upon  niicellizallon  for  liver  alcohol  dehydrogenase  [116], 
Another  kinetic  difference  was  noted  by  Walde  et  ai.  (115],  who  observed  that  the 
rate-limiting  substep  of  hydrolysis  for  the  enzyme  trypsin  was  different  in  w/o 
miaoemulsions  from  that  in  aqueous  media  Enzyme  stability  is  also  an  important 
factor.  A recent  review  by  Luisi  and  Magid  [75]  reports  that,  in  general,  en^me 
stability  in  w/o  microemulsions  is  similar  to  that  found  in  aqueous  media,  and  is 
greatly  enhanced  at  low  values  of  w.,.  Unless  substrates  are  present,  a rapid 
deactivation  of  enzymes  in  w/o  microemulsions  is  noted. 

Determining  the  location  of  enzymes  in  w/o  microemulsions  is  an  interesting 
problem.  It  is  suggested  that  more  hydrophilic  enzymes  such  as  cbymotrypsin 

active  enzymes  such  as  lipases  solubilize  at  or  near  the  micellar  interface  [103]-  This 
phenomenon  can  have  an  extremely  important  role  in  the  observed  kinetics,  as  a 
recent  model  Indicates  (117).  Determination  of  en^me  solubilization  Is 
experimentally  very  difficult  due  to  the  dynamic  nature  of  the  media.  Speculation 
on  enzyme  solubilization  has  been  based  upon  indirect  methods.  It  has  been  only 
recently  that  the  most  direct  type  of  evidence,  measurement  of  differences  between 

is  controversial.  The  method  of  using  Small  Angle  Neutron  Scattering  contains  many 


Jing  that  a w/c 


:in  molecule,  but  this 


udings  [118|. 


assumption  has  been  questioned  by  recent  fln 
The  double  dye  ullracentrifugadon  technique  of  Zampieri  et  ol.  [81]  yields  reliable 
results  only  for  very  low  water  content,  but  does  have  potential  utility.  Other 
techniques  that  measure  micellar  size  alone,  such  as  light  scattering  and  fluorescence, 
require  a large  overall  concentration  of  protein  to  be  present;  this  can  be 
experimentally  difficult  to  achieve  as  well  as  potentially  being  expensive.  Also, 
complications  such  as  enzyme-enzyme  interactions  at  high  aqueous  concentrations 

techniques  have  indicated  that  Cytochrome  C [118]  and  Myelin  Basic  Protein  [119] 
do  strongly  interact  with  the  interface. 

Microemulsion  technology  is  important  for  the  exploration  of  alternate  types 
of  media,  especially  those  that  employ  natural  or  ’edible"  surfactants,  since 
application  of  these  would  meet  with  the  approval  of  the  food  industries,  for 
example,  where  potential  toxicity  is  an  imponant  consideration.  Other  areas  needing 
continued  research  include  exploration  of  other  important  applications  like,  the-scale- 
up  of  w/o  microemulsion  enzymatic  reaclious,  and  the  modelling  of  the  incocporaliou 
and  soiubilizaiion  of  substrates,  proteins,  and  biomolecules  to  achieve  a better 


1.6  Lipase  Catalyzed  Reactions  in  Microemulsions 
The  w/o  microemulsions  have  many  advantages  for  hosting  the  esterification 


These  inclii 


preparation,  large 
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quantities  of  polar/nonpolar  Inierfacial  area,  and  no  mass  transfer  limitations 
because  of  the  rapid  rate  of  droplets  collisions  and  exchange  of  materials.  Two  other 
advantages  exist  for  w/o  microemulsioiis  over  its  competitors;  both  are  related  to 
the  encapsulation  of  polar  materials.  First,  reactions  in  w/o  inicroemulsions  do  not 
appear  to  be  quite  as  sensitive  to  water  contents  compared  to  other  organic  solvent 
media  due  to  their  compartmentalization  inside  w/o  microemulsions  and  larger  water 
contents  can  be  tolerated.  Second,  by  encapsulation,  large  quantities  of  hydrophOic 
and  viscous  alcohols  and  polyols  can  he  solubilized  In  organic  media  without  the 
need  of  elevated  lemperanires  or  agitation. 

Hydrolysis  is  involved  io  most  of  the  investigative  work  in  microemulsions. 
Substrates  employed  for  hydrolysis  include  triglyceride  oils  [120,121,122,1231, 
p-nilrophenyi  alkarmaies  which  reactions  which  con  be  monitored  in  situ  by 
Ultraviolet  Spectroscopy  [ 124.125],  and  fatly  acid  methyl  esters  [126].  Various  lipase 
types  also  have  been  iitvestigated.  Hon  and  Rhee.  for  example,  have  studied 
hydrolysis  of  olive  oil  by  lipase  from  Candida  cylindracea  using  AOT.coniaming  w/o 
inicroemulsions  [120,127.128].  Their  results  iliusirate  that  under  most  couditious 
enzyme  kinetics  behave  similar  to  those  encountered  in  aqueous  media  with  respect 
to  pH  and  Micbaelis-Menion  model  [120,126].  It  is  the  consensus  of  all  researchers 
who  have  investigated  lipase  hydrolysUin  AOTmiceUar  media  [121,124.129,130.1311. 
that  a bell-shaped  relation  between  k„,  and  w,  existed  for  various  lipases.  Important 
findings  for  hydrolytic  reactions  include  those  of  Fletcher  el  al.  [124]  who  correlated 
substrate  partitioning  with  observed  kinetic  trends.  While  some  investigators  have 
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examined  enxyme  activity  retention  of  lipases  in  w/o  microemulsions.  their  results 
are  mixed.  Fletcher  ei  al.  [124]  report  lipase  from  Candida  viscosum  retains  60-85% 
nf  its  original  activity  after  one  week  [124],  Hon  and  Rhee  [120]  report  rapid 
deactivation  for  lipase  from  C.  cylmdracea  in  large  w/o  microemulsions,  while  in 
micelles  al  small  values  of  eighty  percent  of  the  original  aaiviiy  is  retained.  In 
the  case  of  pancreatic  lipase.  Malakhova  et  al.  [121|  also  report  significant  enzyme 
deactivation.  Even  though  the  reduction  of  greatly  improved  enzyme  stability 
[120.124],  the  degree  of  deactivation  in  all  cases  was  at  an  industrially  unacceptable 
level.  As  Han  and  Rhee  suggest  [120],  the  presence  of  substrate  needs  (o  be 
included  in  the  analysis  of  enzyme  stability;  in  the  cases  reported  here,  it  was  not. 

superior  in  terms  of  rate  and  extent  of  hydrolysis  compared  to  media  containing 
other  surfactants  [122.124.125.129.132).  In  addition,  it  was  found  that  certain 
nonionic  surfactants  underwent  undesirable  side  reactions  [122]. 

Han  and  Rhee  suggest  that  microemulsion  systems  is  the  assay  medium  of 
choice  for  lipase  since  il  promoted  rapid  catalysis,  repeatable  kinetic  results,  and 
allows  the  employment  of  various  substrate  types  [132],  Recently.  Peter  Walde  and 

microemulsions  for  assays  by  developing  two  different  techniques  for  in  situ  detection 
of  the  progress  of  the  reaction.  The  first  involves  the  inclusion  of  the  pH  indicator 
phenyl  red  into  the  aqueous  pseudophase  [134|.  This  reagent  loses  its  red  color  as 
more  fatty  acid  is  formed.  So  the  decrease  in  absorbance  is  linearly  proportional  to 


the  overall  fatty  acid 


(134].  The 


vith  Fourier  Transform 


stretching  region  are  proportional  to  kinetic  changes  [13S|.  In  terms  of  large-scale 
application,  a research  group  from  Sweden  [129]  is  investigating  the  use  of  w/o 
microemulsion  media  to  synthesize  2-munoglycerides.  imponani  food  emulsifiers. 

if  the  reaaion  was  allowed  to  continue  for  too  long,  2-tttonaglycerides  isomerized  to 
l-monoglycerides  that  were  readUy  hydrolyzed  1129].  They  also  found  that  AOT 

glycerol,  formed  after  the  isomerizatioa  than  nonionic  surfactant-based  media  |I22|. 
In  order  to  employ  iipase-catnlyzed  hydrolysis  to  produce  2-monoglycerides  or  "free" 
fatty  acids,  larger  concentrations  of  triglyceride  substrates  will  have  to  be  employed 

The  one  most  frequently  researched  is  the  esterification  of  fatty  adds  and 
normal  alkane  alcohols  (130.136,137,138].  In  most  cases,  conversions  were  70-90%. 
but  depended  upon  the  nature  of  the  substrates.  For  example,  employing  lipase  from 
C.  viicaiurn  in  AOT  media  produced  high  conversions  when  ocionol  was  the  alcohol 
substrate  but  low  conversions  when  ethanol  was  substituted  (138).  A relationship 
between  the  chain  length  of  the  alcohol  and  the  initial  rate  of  esterification  was  also 

phosphatidyl  choline  w/o  microemulsions.  Another  interesting  relationship  noted  in 


. that  the  order  of  adding  : 
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the  surfactant-organic  solvenut  media  had  a iarge  impact  on  the  rate  of  esierificaiioo 
[137].  The  research  group  of  Bello  el.  al.  also  obtained  a high  degree  of 

and  alcohol  were  substrates  [136.139].  Alcohol  was  the  necessai?  cosurfactant  for 
formation  of  optically  clear  micellar  media.  However,  the  reaction  time  for  their 
media  to  achieve  a large  conversion  was  over  two  weeks,  a much  longer  time  than 
that  reported  by  others  for  lipase  biocatalysis  in  w/o  miaoemulsions  [136]. 

The  group  of  John  et  at.  (140]  have  investigated  iriacetin/tribuiyrtn 
transesierifications  in  AOT-he«ane  media.  They  found  that  transesterificaiion 
occurred  only  to  an  equal  or  lesser  esient  than  triglyceride  hydrolysis  [140].  Also, 
they  deiermined  that  transesterincation  was  obtained  between  triolein  and 
triglycerides  containing  short-chained  fatty  acid  groups  employing  the  nonionic 

additional  organic  solvent  (136.139].  Their  results  indicated  a transesierihcaiion  of 
409&,  in  weeks  [136,139],  Furthermore,  the  authors  mentioned  that  hydrolysis 
occurred  significantly,  but  did  not  quantify  the  extent  [136].  The  research  group  of 

inieresterification  between  palm  oil  and  stearic  acid,  for  synthesis  of  cocoa  butter 
substitute  using  microemulsion  systems.  They  found  that  micellization  promoted 
lipase  biocatalysis  of  20-30%  stearic  acid  interesterificaiion  tvithin  one  to  two  days 
[141].  The  extent  of  interesterificaiion  was  similar  to  that  catalyzed  by  celilte- 
adsorbed  lipase,  but  micellization  promoted  faster  rates  of  reaction  [141].  Similarly, 
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they  found  lhal  micellar  media  employing  AOT  or  nonionic  surfactants  promoted 
biocaiaJysis  for  the  reaction,  but  that  the  nonionic  type  of  system  also  promoted  a 

The  same  researchers  (143]  recently  employed  the  surfactant  AOT  in 
isoociane  with  a 1.3  positional  specific  lipase  to  obtain  monoglycerides  from  reacting 
glycerol  and  palm  oil  [143],  Their  overall  yields  were  somewhat  low.  less  than  two 
moles  monoglyceride  produced  per  mole  triglyceride  present  initially,  and  the  extent 
of  hydrolysis,  as  noted  by  the  fatty  acid  comenL  was  nearly  equal  to  that  of  the  extent 
of  glycerolysis  |143].  With  a positional  specific  lipase,  hydrolysis  would  be  desirable 
since  2-monoglycerides  would  be  potential  products,  but  significant  isomerization  to 
1-monoglycerides  was  detected  [143].  The  large  pool  of  l-monoglycerides  formed 
from  the  isomerization  of  hydrolysis  products  and  from  glycerolysis  was  hydrolyzed 
to  a significant  extent,  probably  due  to  thermodynamic  equilibrium  limitations  [143], 
Fletcher  and  Robinson  [138.144]  demonstrated  the  feasibili^  of  the 
esterification  reaction  between  glycerol  and  fatty  add  in  w/o  microemulsions.  They 

composed  of  AOT  and  isoociane  with  substrate  and  a small  amount  of  water  [144]. 
They  reported  conversions  as  high  us  90%.  with  a product  composed  mostly  of-mono- 
and  diglycerides  at  relatively  similar  amounts  [138].  Thus,  the  extent  of  esterification 
was  not  great  enough  for  the  synthesis  of  triglycerides,  as  it  was  for  immobilized 

"equilibrium"  distribution  was  quite  dependent  on  the  water  content  [144].  But  the 
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acDount  of  fatty  acid  In  oU  phase  was  very  low  < <6%  by  weight),  which  limits  process 

Moriia  et  al,  (130)  reported  that  they  achieved  glyceride  synthesis  in 
phosphatidylcholine  w/o  microemulsions  employing  lipase  from  R.  delemar.  which  is 
positional  speciflc.  They  state  that  they  produced  mono-  and  diglycerides  [130]. 
They  illustrate  results  from  the  esterification  of  !, 2-diglycerides  and  fatty  acid  that 
show  about  7S%  conversion  of  the  diglyceride,  of  which  one  half  to  two  thirds  of  the 
product  were  triglycerides  and  the  other  third  monoglycerides  from  hydrolysis;  the 
reaction  time  was  four  hours  (130]. 

The  investigations  of  Morita  et  aJ.  [130]  and  Fletcher  ei  aJ.  (138.  144]  left 
many  quesiions  unanswered,  including  to  what  extent  can  esterification  be  achieved 

what  physical  and/or  kinetic  factors  dictate  the  kinetics,  All  the  w/o  miccoemulsion 
systems  reported  for  both  hydrolysis  or  eslerification  are  based  on  non-reacting 
surfactants,  like  AOT.  CTAB.  and  Tween.  The  soJubiliaation  of  oil-soluble  substrate 
in  the  oil  phase  is  al  present  very  low  (<  by  weight  for  esterification),  which  limits 
poteniiaJ  process  development.  Finally,  the  separation  cost  of  products  would  be 

new  microemulsion  system.  In  our  study,  an  attempt  has  been  made  to  develop  w/o 
microemuision  using  fatty  acid  as  a substrata  plus  sodium  salt  of  same  fatly  acid  and 


teriiaiy  butanol. 


This  sepa 


interfaces,  which  causes  decrease  in  surface ' 

if  their  hydrocarbon  chains  are  sufficiently  I 


isists  of  a polar  group  and  a nonpolar 
)f  hydrophilic  and  hydrophobic  parts  of 


nerfacial  tension.  The  surface  ac 


,ng(>16earbonaiDms).  Thepresence 


and  form  an  insoluble  monolayer.  Monolayers  represent  a two  dimensional  state  of 
matter  because  their  height  is  negligible  compared  to  their  length  and  width  of  the 
monolayer.  The  surface  properties  of  these  monolayers  can  be  measured  by  various 
techniques.  The  surface  pressure,  surface  potential,  and  surface  viscosity  are  the 
most  commonly  measured  parameters  to  characterize  monolayers.  Surface  pressure 
can  be  measured  with  a WOhelmy  plate  and  a Langmuir-Adam  horizontal  Qlm 
balance.  In  the  Wilhelmy  plate  method,  a thin  plate,  usually  of  glass,  quartz,  or 
platinum,  is  suspended  in  the  liquid  from  a tonion  balance  (Figure  1.4).  The  surface 
of  the  plate  is  roughened  to  have  a zero  contact  angle  between  the  liquid  and  the 
plate.  A monolayer  of  a surface-active  material  can  be  spread  by  dissolving  it  in  an 


The  area  per  molecule  can  be  calculated  by  dividing  the  total  area  of  the 
monolayer  by  the  total  number  of  surface-active  molecules.  The  limiiing  area  of  a 
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pressure.  Normally,  results  are  sbown  by  a surface  pressure-area  (i-A)  plot. 

The  surface  pressure  (it)  of  a monolayer  is  defined  as 

where  y,  is  the  inlerfacial  tension  of  the  subsolulion  without  the  monolayer,  and  y, 
is  the  tension  in  the  presence  of  the  monolayer. 

of  the  polar  groups  in  the  surface  active  molecules.  According  to  Shah  and 

monolayers.  The  two  major  techniques  used  for  measuring  the  surface  potentials  of 
monolayers  are  the  radioactive  electrode  method  and  the  vibrating  plate  method. 

In  the  radioactive  electrode  method,  one  terminal  of  an  electrometer  is 
connected  to  an  electroplated  Ag-AgCl  electrode  which  is  submerged  in  the 
subsolution  and  a second  terminal  is  conneaed  to  a metal  rod.  The  tip  of  the  metal 

the  electrical  resistance  between  the  electrode  and  the  interface  to  such  a low  degree 
that  the  internal  resistance  of  the  electrometer  is  considerably  greater  than  that  of 
the  air  gap  (Figure  1.4).  This  results  in  the  completion  of  the  circuit.  ThUmeihod 
is  very  convenient  for  studies  at  the  air-water  interface,  but  not  at  the  oil-water 
interface  because  the  range  of  e-particles  in  the  oil  is  very  small  compared  to  that 


The  surface  potential  (AV)  of  a monolayer  is  defined  as 
4V=V,  - V„ 

Where  V,  and  V,  is  the  inierfacial  potential  in  the  presence  and  absence  of  the 
monolayers  , respectively.  Surface  potential  data  are  exhibited  by  4V.A  curves 
analogous  to  the  e-A  curves  for  monolayers. 


reported  by  Hughes  by  measuring  changes  in  the  surface  potential  [146|.  This 
approach  has  been  used  by  numerous  researchers  in  the  kinetic  study  of  hydrolysis 

different  buffers^  the  presence  of  other  lipids,  and  uosaruration  on  the  hydrolysis  of 
dipalmitoyl,  egg,  soybean,  and  dioleyol  lecithin  monolayers  by  the  venom  of  Naja 
naja.  It  was  shown  that  a lecithin  monolayer  does  not  hydrolyze  when  it  was 
compressed  above  a critical  surface  pressure.  The  aitical  surface  pressure  required 

area  (he.,  dioleyol  lecithin  > soybean  lecithin  > egg  lecithin  > dipalmitoyl  lecithin). 

observed  that  hydrolysis  does  not  occur  above  a certain  critical  surface  pressure. 
Hydrolysis  depends  oo  the  iniermolecular  spacing  among  the  molecules  and  the 
charge  on  the  molecule.  Shah  and  Schulman  have  shown  that  when  IS  mole  % of 
anionic,  cationic,  at  neutral  spacer  molecules  were  introduced  into  egg  lecithin 


nonolayers.  ihe  rate  of  hydrolysis  is  changed.  The  rate  of  hydrolysis  Increases  ir 


presence  of  eicosanyl  trimeihylammoniam,  decreases  in  the  presence  of  dicetyl 
phosphate  or  dipaittiilin.  and  remains  unchanged  in  the  presence  of  cholesterol.  This 
shows  the  importance  of  surface  charge  and  stale  of  the  monolayer  for  enzymatic 

The  presence  of  a net  negative  charge  is  a prerequisite  for  the  hydrolysis  of 
’’P-labeled  yeast  lecithin  monolayers  by  Penicillium  nolalwn  phospholipase,  as 
measured  by  the  loss  of  radioactivity  (147].  The  surface  pressure,  surface  potential, 
and  radioaaiviiy  measurements  indicated  that,  in  the  absence  of  dicetyl  phosphate, 
lecithin  monolayers  are  not  hydrolyzed  by  phospholipase  B at  high  surface  pressures, 
whereas  in  the  presence  of  anionic  amphipathic  molecules,  the  hydrolysis  does  occur 
[148],  The  engine  cao  penetrate  deeply  enough  to  hydrolyze  the  lecithin  monolayer 
at  low  surface  pressure,  whereas  at  high  surface  pre.ssure.  a negatively  charged 
surface  is  required  to  pull  the  enzyme  into  the  monolayer  to  hydrolyze  it  [148], 
Alexander  and  RideuI  [149]  measured  surface  pressure  and  surface  potential  during 
the  hydrolysis  of  long-chain  esters  in  monolayers  on  both  alkaline  and  acid 
subsolutions.  They  found  that  the  reaction  velocity  is  very  sensitive  to  changes  in  the 
molecular  orientation  of  the  long-chain  esters  in  the  monolayers. 

There  is  no  report  in  the  literature  of  the  enzvmatic  synthesis  in  the  monolayer. 
Monolayers  of  fatty  acid  can  be  made  on  the  glycerol  and  water  subsolution.  Lipase 
solution  can  be  injecied  under  the  compressed  monolayer  to  initiate  Ihe  reaction 
between  glycerol  and  fatty  acid  (Figure  U).  EsieriHcation  reaaions  in  monolayers 
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n i n n n i n n n n ! n i 


Figure  U 


were  compared  with  the  esieriCicaiion  in  microcmulsions.  Puniiioning  of  products 
in  the  oil  phase  is  possible  in  the  case  of  a water-in-oil  microemulsions,  but  not  in 
the  case  of  monolayers  at  air-water  interface.  The  orientation  of  substrate  or  product 
at  the  air-water  interface  and  its  packing  can  influence  the  esierificatian  in 
monolayers.  Also,  the  acyl  migration  of  fatty  acid  in  monoglyceride  and  diglyceride 

during  its  thermal  motion  which  triggers  acyl  migration. 

1.8  Reactions  in  Foams 

Foam  is  an  aggregate  of  air  bubbles  separated  by  thin  liquid  ftlms.  These 
liquid  films  contain  two  air-water  interfaces.  Foam  also  is  a thermodynamically 
unstable  system.  Interestingly,  foam  os  a compound  exhibits  a much  higher  viscosi^ 

The  stability  of  foam  depends  on  the  stability  of  its  bubbles.  The  stability  of  a 
bubble  is  related  to  the  rate  of  drainage  and  hence  the  rate  of  thinning  of  Ibe  film. 
It  has  been  suggested  that  the  surface  viscosity  of  (he  adsorbed  surfactant  layer 
influences  the  rate  of  drainage.  High  surface  viscosity  retards  the  drainage,  hence 
it  improves  the  film  stability.  The  surface  viscosity  of  the  monolayer  depends  on 
molecular  packing  and  molecular  interactions. 

Foam  consists  of  air-water  interface  which  can  be  stabilized  by  long  chain  fatty 
acid.  Foam  can  be  generated  by  bubbling  air  through  a fritted  glass  column 
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around  a bubble. 


ion  of  a foam  column  and  a ibin  liquid  film 


formalion  of  aji  air/water  inlerface  stabilized  by  the  fatly  acid  molecuies.  The  fatty 
add  forms  a complex  with  the  lipase  and  this  complex  then  reacts  with  glycerol 
molecules  to  form  an  ester  bond  giving  diglyceride  and  triglyceride. 


CHAPTER  2 
EXPERIMENTAL 


2.1  Inlroduclion 

This  chapter  contains  detailed  information  about  the  materials  and 

mention  speciEc  experimental  protocols  employed  and  will  refer  to  this  chapter  for 
details  of  the  experiment. 


2.2  Materials 

The  surfactants  used  in  this  document  were  Diethyl  hexyl  sodium  sulfosucdnaie 

Chemical  Inc  (St.  Louis.  MO)  and  Na-oleate  from  Fluka  (Germany).  Both 
surfactants  were  99%  pure  and  were  stored  in  a desiccator.  Most  chertticals  used, 
including  organic  solvents,  alcohol  and  fatty  acid  substrates,  and  buffer  salts,  were  of 
high  purity  (>99%)  and  were  stored  as  stated  in  the  instructions  and  employed 
without  any  further  purincaiion.  Standards  (monoglycerides.  diglycerides, 
triglycerides  and  fatty  acids)  for  High  Performance  Liquid  Chromatography  were 
purchased  from  Sigma  Chemical  Inc.  (St.  Louis.  MO).  Double  distilled  deionized 
water  was  used  throughout. 


The  enzyme  lipase,  called  Lipozyme  10.(X10L  (lot  # 70S, 


LMN  0006), 


made  available  by  Krafl  Research  Inc. 


a product  of  Novo  Laboratory  Inc.,  was 
(Glenview.  IL).  Upozyme  is  a fungal  lipase  produced  by  submerged  fermentation 
of  a selected  strain  of  Mucor  mieliei  It  is  a brown  liquid  having  a density  of 

formulation  developed  could  be  used  directly  for  scale-up  process.  It  has  molecular 
weight  of  33,000.  with  isoelectric  pH  of  7,6  and  has  1.3-poaitional  specificity  having 
optimum  activity  for  lauric  acid;  its  activity  decreases  with  increase  in  chain  length 
of  fatty  acid.  Other  properties  of  this  enzyme  are  contained  in  detail  in  other  sources 
lisa  1511. 

2.3  Methods 

2J.1  Procedure  for  Enzymatic  Reactions  m Microemulsions 

Lipase  was  incorporated  into  reverse  micellar  media  by  the  method  of 

i-butonol.  plus  fatty  add.  ^ycerol.  and  a bulk  hydrocarbon,  usually  isooctane-(2.2.4- 
irimethylpeniane),  was  formed  in  a SO  mJ  conical  flask  (Figure  2.1).  It  was  stirred 
using  a magnetic  stirrer  to  make  the  media  clear,  i.e.  to  achieve  solubilization  of 

substrate  were  chosen  so  that  the  system  remains  in  the  w/o  microemulsion  region 
even  after  the  addition  of  lipozyme  solution.  Lipozyme  solution  contained  phosphate 
buffer  at  a pH  of  7 and  the  unpurifled  lipase.  When  Ihe  effect  of  pH  was  studied, 
where  buffer  solutions  of  various  pH  were  added.  All  the  reactions  were  conducted 
at  room  temperature  (23  ± 2°  C).  unless  otherwise  stated.  Microemulsions  were 


Qlycerol+Water-*- Lipase 


Oil  « Faay  Acid 


Figure  2.1  Schematic  representation  of  w/o  AOT  micioemulsion  with  glycerol, 
water  and  lipase  in  aqueous  core  and  fotty  add  in  oil  phase. 


so 

maintained  at  different  temperatures,  to  study  the  effect  of  temperature  by  immersing 
the  conical  flask  in  a large  beaker  containing  water  and  placing  this  beaker  on  a hot 
plate.  The  water  temperature  was  monitored  using  a thermometer  and  a magnetic 
bar  was  used  for  stirring,  Samples  from  the  microemulsion  were  taken  after  regular 
time  intervals  for  kmetic  analysis.  Reaction  kinetics  were  monitored  by  the  titration 
of  fatty  acid  using  0.02  M NaOH  in  ethanol,  thin  layer  chromatography,  and  HPLC. 

132  Thin  Laver  Chromaioaraohy 

Thin  Layer  Chromatography  (TLC)  plates  were  run  twice  in  diethyl  ether  up 
to  2 cm.  and  then  in  a hexane/diethyl  ether/acetic  acid  mixture  (70/30/1  v/u/v). 
Then  diluted  sulfuric  acid  (10%  l}y  volume)  was  spread  on  the  plate  and  the  plate 

revealed  in  an  Iodine  vapor  chamber. 


Qualitative  and  quantitative  analysis  of  products  of  enzymatic  reactions  were 
done  using  High  Performance  Liquid  Chromatography  (HPLC)  (Figure  22).  The 
system  is  fully  computerized  using  a 640  kB  Epson  Equity  l-t-  running  DoubleDos 
and  Spectra  Physics  software  LNET2  and  SPMENLI.  Once  programmed,  this  system 
can  analyze  over  80  samples  without  operator  assistance.  The  system  can  inject  a 
sample  taken  from  the  reaction  media,  identify  the  components  in  ihe  sample. 


SI 
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Schematic  representation  of  HPLC  instrumentation  and  set-up. 


52 

informadon  (iacluding  the  raw  data),  generate  a file  for  a spreadabeei,  and  print  a 
final  report.  Although  the  system  has  several  components,  the  principles  of  operauon 
are  relatively  simple.  To  achieve  separadon.  HPLC  uses  the  relative  affinity  of  a 
compound  between  a polar  and  a nonpolar  phase.  A nonpolar  solvent  is  pumped 
through  a separadon  column  coniainiog  silica.  The  retendon  dme  in  the  column 
depends  on  the  compound’s  affinities  for  the  two  phases.  Consequently,  depending 
on  their  polarity  and  funcdonality,  two  or  more  compounds  in  the  same  sample 
separate  as  they  pass  through  the  column.  This  type  of  chromatography  is  called 
"normal-phase"  chromatography. 

After  separadon.  the  compounds  in  the  eluent  flow  through  a UV/VIS 
absorbance  detector  (Spectra  Physics  Model  SPfMSO)  which  generates  an  electrical 
signal  proportional  to  the  light  absorbed  by  the  liquid  passing  through  the  detector. 
Peaks  in  plots  of  this  signal  correspond  to  compounds  eluting  from  the  column.  The 
retention  time  for  various  compounds  will  be  different  if  column  selection,  eluent 
selection,  and  flow  rate  are  chosen  carefully. 

The  other  components  of  the  HPLC  system  are  the  pump,  autosampler,  and 
integrator.  The  pump  (Spectra  Physics  Model  SP8800)  maintains  the  flow  of  carrier 

miscible  solvents  in  any  rado. 

The  aulosampier  (Spectra  Physics  Model  SP8880)  contains  four  trays  for 
sample  vials  mounted  on  a turntable.  Each  tray  holds  twenty  vials  and  the  lumiable 
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sampling  position  and.  whan  the  system  is  ready,  injects  a predetermined  volume  of 
the  contents  into  the  solvent  stream  while  signalling  the  other  instruments  to  begin 
analysis. 

The  integrator  (Spectra  Physics  Model  SP4290)  plots  the  taw  signal  from  the 
detector  (optical  ubsorboncs  of  the  solvent  stream)  and  determines  the  presence  of 
peaks.  The  integrator  calculates  the  area  of  peaks  and  determines  if  they  correspond 
to  programmed  compounds.  If  a peak  is  identified  as  a programmed  compound. 

compound  delected.  A good  description  of  analysis  of  glycerides  by  normal  phase 
HPLC  is  given  elsewhere  [152!, 

2J.4  Ouasi-Elaslic  Light  Scattering 

Quasi-elastic  light  scattering  (QELS)  was  used  to  monitor  tbe  variation  of 
hydrodynamic  radius  of  reverse  micelles  during  reaction  (Hgure  2J).  Tbe  optical 
source  for  the  light  scattering  apparatus  was  a Spectra  Physics  argon  ion  laser  model 
2000  operating  at  514J  nm.  Whenever  a micelle  entered  the  path  of  light,  it  caused 
the  light  to  scatter  in  all  directions.  The  scattered  light  was  collected  at  an  angle  of 
00  degree  using  a laser  light  scattering  goniometer  (Brookhaven  Instruments  model 
200SM)  then  was  focused  on  a photomultiplier  cathode  (Brookhaven  Instruments 
EMI-9865}.  The  lime-dependent  correlation  function  of  the  scattered  intensity  was 

BI  2030)  with  64  channels  and  a lime  resolution  of  100  ns.  The  normalized 


Figure  23  Schematic  repr 
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correlation  function  of  the  scattered  electric  field  g"’(t)  was  analyzed  by  using  the 
cumulani  method  (153.154),  in  which  the  logarithm  of  the  normalized  g“\t)  was 

The  fitting  equation  is: 

ln[(c.b)''*  g»>(l)|  = ln(c,b)''’  • n + u,(e/2>  12.1) 

where  c,  and  b are  the  baseline  and  the  instrument  constant.  The  first  cumulant  of 
line  width  distribution.  T.  is  Dq'.  where  O is  the  time  averaged  diffusion  coefficient 

refractive  index  of  continuous  medium.  X„  is  the  wavelength  of  light  in  vacuum,  and 
e is  the  scattering  angle.  The  second  cumulant,  Uy  provides  the  polydispersity  of  the 
line  width  distribution.  The  polydispersity,  Q is  defined  as  Q = Uj/r*  = • 

D^/d*.  The  hydrodynamic  radius  was  colculaied  from  the  well  known  Stokes- 
Einstein  equation,  R„  « kT/(6iiT|D),  where  k is  the  Boltzmann  constant.  T is  the 
absolute  temperature,  and  n is  the  viscosity  of  the  continuous  medium.  This 
equation  assumes  spherical  shapes  for  suspended  particulates  which  undergo 
Brownian  motion.  The  diffusion  coefficient  D is  at  infinite  dilution. 

13.5  Self-diffusion  Measurements 

Self-diffusion  coefficienis  were  obtained  using  the  'H-NMR  Fourier  transform 
pulsed-gradient  spin-echo  <FT-PGSE)  technique  with  a standard  JEOL  FX-IOONMR 
spearometer  operaiiag  at  a protou  frequency  of  99.6  MHz  and  a temperature  of  25 
measurements,  taken  by  varying  the  duration  of  (he  gradient 
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pulse  (1  Gauss  cm  ')  ai  a consiani  measuring  lime  of  140  ms  were  performed  as 

Various  microemulsion  samples  were  made  using  D,0  instead  of  water.  The  self 
diffusion  coefficient  of  D,0  in  microemulsions  was  measured  as  described  by  Siejskal 
and  Tanner  [1SS|. 

Iniermolecular  coniribu lions  to  spin  reloxaiion  processes  originate  In  part  from 
the  modulation  of  dipole-dipole  interactions  through  translational  diffusion.  They  are 
significant  for  protons  in  solution  and  electron-nuclear  dipole  relaxation  in 
paramagnetic  systems.  In  the  PGSE  technique,  the  basic  magnetic  field  is  essentially 
homogeneous  ihrougboui  the  experiment.  The  effective  dispersion  of  refocussing  of 

of  the  echo  amplitude  is  given  by  Siejskal  and  Tanner  [ISS] 

A/A,  = exp[-T>G'DJ’(a-S/3)] 

where  A/A^is  the  ratio  of  echo  ampliludes  in  the  presence  and  absence  of  gradient, 
r is  the  gyromagneiic  ratio,  G is  the  magnitude  of  gradient.  S is  the  duration  of  each 
gradient  pulse,  and  A is  the  time  between  (he  two  gradient  pulses  (corresponding  to 

the  self-diffusion  coefficient  of  water  in  isoociane  (D®,)  gives  the  idea  of  the 
structure  of  Ihe  water  in  the  microemulsion.  When  the  self-diffusion  coefficient  of 
water  in  the  microemulsion  <D.)  is  one  hundredths  of  the  self-diffusion  coefficiem 
of  water  in  isooctane  then  microemulsion  is  water-in-oil  type.  When  ihc-self- 
diffusion  coefficient  of  water  in  the  micrcemulslon  |D.)  is  one  tenth  of  ihe-self- 
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in  nature  [155|. 


CHAPTERS 

ESTERinCATlON  IN  AOT  MICROEMULSIONS 
S.l  Introduciion 

A microemulsion  may  he  defined  os  a ihermodynamically  stable,  isotropic 
dispersion  of  two  Immiscible  liquids  consisting  of  microdomains  of  one  or  both 
liquids,  stabilized  by  an  interfacial  film  of  surface  active  molecules  [6S.1S6]. 
Microstruciural  studies  of  mlcroemulsions  have  been  given  considerable  attention 
because  of  their  interesting  physicochemical  properties  and  their  potential  for  various 
applications  of  commercial  importance  [21,157-160],  Much  of  this  effort  has  been 

water  vary,  particularly  for  microemulsions  that  progressively  invert  from 

investigated  by  a variety  of  techniques  including  electrical  conductivity,  NMR 
spectroscopy,  self  diffusion  measurements,  quasi-elastic  light  scattering,  small  angle 
neutron  and  x-ray  scattering,  and  optical  spectroscopy  [161-170],  A microemulsion 
containing  a relatively  low  fraction  of  oil  confined  within  small  Isolated  droplets  and 
dispersed  in  water,  is  known  us  an  oil-in-water  (o/w)  microemulsion.  while  the 
reverse  type  (small  amounts  of  water  disperaed  in  large  amounts  of  oil)  is  a 


waicr-in-oil(w/o) microemulsion.  [foneconiinuously inneases the' 


During 


inversion,  an  iniermediate.  imnspareat  isoiropic.  bicondnuous  siruciure  may  form 
consiscing  of  both  oil-  and  waler-cominuous  domains,  separated  by  inierfncial 
surfactant  layers.  On  the  other  hand,  in  certain  systems  a sharp  transition  from 
well-defined  w/o  to  well-defined  u/w  structure  (without  the  intermediate  formation 
of  a bicondnuous  phase)  is  believed  to  occur. 

The  development  of  molecular  enzymology  has  come  about  mainly  through 
studies  of  free  enzymes.  Eipertmenis  can  be  designed  to  elucidate  the  structure  of 
the  caiaiylic  site  and  the  physicochemical  conditions  for  its  optimal  acdvily.  The  use 
of  low  water  conleni  microemulsions  as  a medium  for  enzymic  reacdons  has  been 
reported  by  many  researchers  [124,171-176).  The  majority  of  work  reported  in  the 
literature  is  primarily  concerned  with  the  usage  of  the  enzyme  lipa.se.  It  has  been 
demonstrated  that  the  lipase  retains  a high  inirinsic  activity  In  these  highly  ordered 
non-polar  solutions  (i.e.  water-in-oil  microemulsions).  Immobilized  enzymes  con  also 
be  used  in  a microemulsion  medium  without  loo  much  impairment  of  the  reaction 
rate.  The  anionic  double-tailed  surfactant  AOT  (sodium  di-|2-ethylhexyl) 
sulfosuccinale),  is  most  frequenUy  used  to  form  microemulsions.  Unlike  most 

esterification  reactions  in  microemulsions  reported  in  the  literature  have  been  based 
on  the  expensive  and  pure  lipase  from  R.  delemer  and  C.  cilindmcea  1124.177,178). 


We  have  designed  an  experiment  using  a commercialiy  used  lipase  called  Upozyme 


(10,000  LU/g). 


sugated  all  possible  physicochemical 


as  oil  chain  length  of  continuous  phase,  glycerol/water  ratio,  cbalo  length  of  fatty 
acid,  oleic  add/glycerol  ratio,  water/enzyme  ratio  and  unsaturailon  of  fatty  add 
which  can  influnce  the  synthesis  reaction. 


Lipozyme.  a fungal  lipase  produced  by  Novo  Nordisk,  Denmark  was  made 
available  by  Kraft  Research  Inc.  (Glenview,  IL).  Hexane,  iso-octane,  iso-propanol 
(all  HPLC  grade)  and  buffer  solutions  were  bought  from  Fisher  ScientiRc  Company. 
Fatty  Acids  (C,  -Csj;  99%  pure).  Upids  (99%  pure)  and  AOT  (9996  pure)  were 
purchased  from  Sigma  Chemical  Company.  All  the  chemicals  were  used  as  supplied. 
Deionized  double  distilled  water  was  used  in  all  the  chemical  procedures.  All 
experiments  were  repeated  three  times  and  results  were  found  to  lie  within  a range 
of +/-2%. 


lipozyme.  and  water  in  the  required  proportions,  under  constant  stirring,  yielding  a 

added  to  the  microemulsion.  The  amounts  of  individual  components  of  the 
microemuision  are  mentioned  individually  in  results  and  discussion  section.  The 
addition  of  fatty  acids  to  the  microemuision  initiates  the  esterification  reaction.  The 


by  NaOH  lit 


ctieni  of  reaction  was  monitored 
phenolphthalein  as  an  indicator.  The  qua 
out  using  normal  phase  HPLC  and  TLC 
The  synthesis  reaction  taking  place  in  the 


in  nonaqueous 
ntitative  analysis  of  produ 


Glycerol  + Fatty  Acid  * = = = = = 


Monoglyceride 

Triglyceride 
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dium  using 


3.12  Monilorinf  the  Reaction  Using  HPLC  and  TLC 

Normal  phase  HPLC  with  a UV  absorbance  detector  having  a cut-off 
wavelength  of  213  nm  and  O.DS  absorbance  units  full-scale  (AUF^)  was  used  to 
separate  monoglycerlde,  digiyceride.  triglyceride,  and  fatty  acid  in  order  to  monitor 

iso-propanol  (94/6.  v/v)  as  a mobile  phase  were  used  at  room  temperature.  The 
flow  rate  of  mobile  phase  was  kept  at ! ml/min  [179|.  The  integrator  ploied  the  raw 

quantities  of  various  species.  Standard  samples  of  triolein,  diolein,  monoolein,  and 
oleic  add  were  dissolved  separately  in  the  eluent  (O.OOlgm/ml)  then  filtered  through 
a 0.2  pm  filter.  Theautosampierwasused  to  inject  20pl  of  sample  each  time.  First, 
residence  times  of  triolein,  oleic  acid,  diolein.  and  monoolein  were  individually 
Identified.  Then,  a mixture  of  the  above  lipids  and  oleic  add  were  run  three  times 
to  check  the  reprodudbility  of  the  technique.  The  sample  from  the  mtcroemulsion 
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containing  AOT  was  diluted  len  limes  with  the  eluent  before  injecting  into  the 
column.  Due  lo  the  adsorplion  of  AOT  in  the  columa  slight  shifts  in  the  residence 
limes  of  (he  various  species  were  observed.  The  standard  and  the  sample  from  the 
microemuisiun  were  injected  several  limes  to  confirm  reproducibility  of  residence 
limes  and  areas  under  the  peaks.  The  external  standard  method  was  used  on  the 
mtegrator  to  find  the  actual  weight  percent  of  products  In  the  sample  from  the 
miaoemulsioa  With  external  standards,  each  peak  of  interest  in  the  analysis  sample 
was  compared  with  the  same  peak  in  the  calibration  sample.  Because  the  amount 
of  each  component  in  the  calibration  sample  was  known,  a ratio  between  that 
component  and  (he  analysis  sample  could  he  calculated,  giving  the  amount  of  the 
component  in  the  analysis  sample. 

TLC  plates  were  run  twice  in  diethyl  ether  up  to  2 cm.  and  then  in  a 
hexane/diethyl  ether/aceiic  acid  mixture  (70/30/1.  v/v/v). 


3.3  Results  and  discussion 


in  5 ml  of  0.25  M solutions  of  AOT  in  he.xane  to  study  the  effect  of  giycerol/water 
ratio  on  the  solubilization  capacity  of  these  microemulslon  systems.  The  maximum 
solubilizaiioD  was  taken  as  the  point  where  the  unset  of  turbidity  took  place.  The 
solubilization  capacities  per  ml  of  the  microemulsion  for  various  mole  fractions  of 


glycerol  ir 


: plotted  in  Figure  3.1.  The  result  si 
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Figure  3.1  ECfea  of  mole  fraciion  of  gtyceiol  lo  water  on  their  solubOizaDon  in 
the  AOT  + hexane  solution. 


0.5  (Figure  3.1). 


ximum,  glycerol 


molecules  inside  the  uqueous  core,  and  at  this  maximum,  the  hydrocarbon  chain  of 
AOT  became  fully  saturated  with  glycerol  molecules.  Upon  further  inaease  of  the 
mole  fraction,  glycerol  molecules  began  solubilizing  in  the  aqueous  core,  causing  a 
decrease  in  the  ionization  of  AOT  molecules  and.  hence,  a decrease  In  the  total 
solubility.  This  in  mm  deaeases  the  repulsive  forces  between  the  ionic  groups 
causing  a decrease  in  the  solubilization  of  the  aqueous  phase.  However,  the 
synthesis  reaction  was  found  to  be  optimum  at  0.64  mole  fraction  of  glycerol  because 
more  free  water  shifts  the  equilibrium  towards  hydrolysis  and  less  free  water  results 
in  inactivation  of  the  lipase. 

3 J.2  Effect  of  Oil  Chain  Length  on  Reaction  Kinetics 

In  this  experiment,  various  alkanes  (C,  - C,  J were  taken  as  the  oil  phase  for 
making  the  microemulsions  and  percent  conversion  of  oleic  acid  was  monitored  by 
NaOH  titration.  The  AOTcoDcenlralioawasO.S3  M in  tbeoU.  The  oil  chain  length 
had  an  interesting  effect  on  the  reaction.  The  conversion  increases  with  chain  length 

reverse  was  true,  as  shown  by  data  after  9 hours  of  reaction  (Figure  32).  This  is 
becamse  there  are  two  rate  controlling  steps  In  this  reaction  system.  First  there  is  the 
Inter-droplet  Interaction,  which  was  maximum  for  the  heiadecane  microemulsion 


[170],  Second,  there  is  the  diffusion  of  products  (e.  g.  monoglyceride, 
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Figure  3^  Effect  of  oil  chain  length  of  continuous  phase  on  % conversion  of  oleic 


riglyceride)  from  ihe  interface  to  the 
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hexane  system.  Chan  and  Shah  reported  that  in  Ihe  oil/water/surfactant  sysiem. 
surfactant  partitioning  in  the  oil  phase  decreases  as  the  oil  chain  length  increases 

longer  chain  length  of  oil  has  more  difficulty  in  penetrating  into  the  surfactant  layer 

difference  between  the  compositions  of  interface  and  the  continuous  phase.  The 
greater  difficulty  in  penetrating  the  interface  by  larger  oil  molecules  would  increase 
this  difference,  thus  Increasing  ihe  magnitude  of  interaction.  The  larger  Ihe 
interaction,  the  greater  is  Ihe  likelihood  of  droplets  containing  enzyme  to  collide  with 
other  droplets  containing  glycerol  or  enzyme.  This  colUsion  caused  exchange  of 
glycerol  berween  enzyme  containing  and  empty  droplets.  In  this  system  only  S%  of 

containing  glycerol  and  enzyme  comes  in  contact  with  oleic  acid.  then,  reaction  lakes 

conversion  from  hexane  to  hexadecane  sysiem  in  the  Urst  hour  (Figure  3.2).  As  the 

bulk  plays  a vital  role  in  conu-olling  the  reaction.  Hence,  the  equilibrium  conversion 
of  oleic  acid  into  products  in  hexane  (low  viscosity)  was  SS%.  and  in  hexadecane 
(high  viscosity)  the  equilibrium  conversion  was  50%  after  10  hours  of  reaction 
(Figure  3,2), 


■■3  EfTecl  of  Faltv  Acid  Chain  Length 


Reaction  Kineiiis 


For  (hU  experiment,  we  used  miccoemulsions  with  0,S3  M AOT  in  hexane  as 
ihe  oil  phase.  The  glycerol/faity  acid  ratio  was  kept  constant  at  10:1  in  order  to 
dissolve  Ihe  long  chain  fotcy  acids  in  hexane.  Table  3.1  showed  the  absolute  amounts 
of  the  various  fatty  acid  added  in  7 mJ  of  AOT  microeniulsion  solutions.  The  results 
shown  in  Figure  3.3  demonstrate  that  Ihe  conversion  of  fatty  acids  into  glycerides 
increased  with  increa.sed  fatry  acid  chain  length.  Maximum  conversion  was  obtained 
using  by  arachidic  (C^)  acid.  Due  to  its  longer  hydrocarbon  chain.  Ihe  product  of 
acid  was  more  nonpolar  than  the  products  of  other  fatty  acids.  The  product 
partitioned  preferentially  into  the  oil  phase  after  It  formed  allowing  more  Cg  acid 

controlling  the  reaction  was  the  partitioning  of  products  into  oil  phase  which  was 
maxinium  for  add  and  mininium  for  C,o  acid 

Table  3.1  The  absolute  amounu  of  various  fatty  acid  added  in  7 ml  of  AOT 

Fatty  Add  Amount  of  fatty  add  in  7 ml  of  microemulsiou 

Cio  Acid  0.1347  gm 

C„  Acid  0.1783  gm 

cit  Acid  0.2222  gm 

C]o  Add  02440  gm 


3.3.4  Effect  of  Oleic  Acid/aivcerol  Ratio  on  the  Reaction  Kinetics 

In  this  experiment,  we  used  mictoemulsions  with  023  M AOT  in  hexane  as 
the  oil  phase,  while  oleic  acid/glycerol  ratio  was  varied.  Glycerol  was  kept  constant 


Figure  3 J ESea  of  faicy  add  cbaio  leogib  on  its  % conversion  witb  continuous 

phase  as  hexane, 
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and  amounis  of  oleic  acid  was  increased.  This  showed  a maximum  equilibrium 
perceni  conversion  at  1:1  molar  ratio  of  oleic  acid  to  glycerol  (Figure  3.4).  We  found 
that  for  molar  ratios  greater  than  1.  au  increase  In  oleic  acid  at  the  interface  had  a 
significam  effect  in  deaeasing  the  diameter  of  the  microemulsion  droplets  which 

phase.  As  the  reaction  proceeded,  the  volume  of  aqueous  phase  deaeased  because 
the  molar  volume  of  glycerol  is  62.46  ml/mole  whereas  the  molar  volume  of  water 
is  18  ml/mole.  If  one  mole  of  glycerol  is  convened  into  monooleia  then  one  mole 
of  water  is  farmed.  So.  net  loss  of  aqueous  volume  is  44.46  ml  (62.46  - I x 18). 
Similarly,  if  diolein  is  formed,  then  net  loss  of  aqueous  volume  is  26.46  ml  (62.46  - 
2 X 18).  If  triolein  is  formed,  then  net  loss  of  aqueous  volume  is  8.46  ml  (62.46  • 3 
X 18).  In  any  case  there  is  loss  of  aqueous  volume.  Other  possible  reason  may  be 
that  the  enzyme-catalyzed  reaction  is  diminished  by  the  excess  of  substrate.  This  well 
kttown  phenomenon  is  called  substrate  inhibition. 

3JJ  Effect  of  Subseouent  Addition  of  Glycerol  or  Water  after  Eouilibrium  is 

Reached 

Brozozowski  |I80|  showed  that  the  active  site  of  the  enzyme  is  close  to  the 
surface  but  not  completely  exposed  to  the  solvent.  It  is  buried  under  the  head  of  a 
long  loop  (lid)  folded  onto  the  triad  and  stabilized  by  extensive  hydrophobic  and 

stage  the  lid  is  removed  or  displaced,  possibly  through  interhtcial  activation,  so  the 
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3-4  Effect  of  oleic  acid/glyceroi  ratio  on  the  equilibrium  % 
conversion  after  18  hours  (Oiycerol  concentration  was  kept 
constant  in  all  ejcperiinents  shown  here). 


' bond  cun  be  subsequently  hydrolyzed  or  synihni2ed  In  other  suge.  the  lldais 


serves  as  a device  to  inhibit  the  proteolytic  aaivity  of  the  triad,  thereby  protecting 
the  enzyme  itself.  Due  to  the  consumption  of  glycerol,  the  size  of  the  droplet 
decreases  as  synthesis  proceeds.  At  a certain  point,  the  droplet  size  becomes  too 
small  to  accommodate  the  enzyme  and  this  cause  the  lid  to  close.  The  addition 
of  extra  glycerol  can  reactivate  the  enzyme  since  it  may  now  move  out  of  the  oil 
phase  and  into  the  interface,  and  the  lid  may  reopen.  Figure  3J  shows  the  results 
of  an  Increase  in  percent  conversion  of  oleic  acid  from  30  to  S89b  after  the  addition 
of  glycerol.  The  glycerol  to  oleic  acid  ratio  after  addition  of  glycerol  was  2.1:1.  The 
increase  in  conversion  was  not  due  to  an  increase  in  glycerol  (substrate) 
concentration  because  the  calculated  ratio  glycerol  to  oleic  acid  ratio  after 
equilibrium  (before  the  addition  of  glycerol)  was  1.7:1  and  Figure  3.4  indicates  that 
this  ratio  of  glycerol  to  oleic  acid  was  sufficient  for  synthesis  reaction.  The  addition 
of  water  enlarges  the  droplets.  As  the  droplets  enlarge,  thus  reactivating  the  enzyme. 

enzyme  starts  to  catalyze  the  hydrolysis  of  the  mono*  and  diglycerides  formed  during 
the  synthesis  reaction.  This  shows  that  the  enzyme  is  indeed  active  even  after 
equilibrium  has  been  achieved. 

3.3.6  Effect  of  Waier/Entvme  Ratio  on  Eouilibrium  Conversion 

as  delivered  from  the  supplier  conlaios  30%  water  by  weight.  After  all  possible 
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Time  (hr) 


Figure  3S  ESeci  of  addition  of  glycerc 
equilibrium. 
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water  was  removed  increasing  amounts  of  water  were  added  to  it  to  study  the  effect 
t)f  water  content  on  equilibrium  conversion.  Here  amount  of  enzyme  was  kept 
constant.  A majiimum  In  the  equilibrium  conversion  wa-s  found  at  a water  content 
near  30%  {Figure  3.6).  This  30%  water  is  bound  to  enzyme  molecules  and  AOT 
molecules  in  the  microemulsion.  A further  increase  in  water  induced  accumulation 
of  free  water  inside  the  aqueous  core,  free  water  that  caused  hydrolysis  of  ester 
bonds.  The  equilibrium  percent  conversion  deaeased  at  higher  concentrations  of 
water  in  microemulsions,  reaching  zero  conversion  at  1. 10  (w/w)  with  respect  to  the 

Let  us  consider  the  law  of  mass  action  of  the  following  reaction 
Glycerol  + Fatty  Acid  v*  Monoglyceride  + HjO 
K,  = [MonoglyceridellHjOI/lGlycerollCFatcy  Add] 

Here  ( ) represents  concentrations  ofreactanis  or  products.  The  value  of  equilibrium 
constant  (K,)  of  above  reaction  is  fixed  for  agiven  temperature,  pressure  and  enzyme 
concentration.  If  concentration  of  water  is  increased  when  reaaion  is  at  equilibrium, 
the  reaction  will  proceed  in  the  revene  direction  in  order  to  maintain  K^-  This  will 
cause  a decrease  in  concentration  of  monoglyceride  and  an  Increase  in  the 
concentration  of  glycerol  and  fatty  acid.  Similar  will  be  the  case  for  diglyceride  or 
triglyceride.  Therefore,  due  to  high  water  content,  the  conversion  was  zero  at  1. 10 


of  water/ent^e  ratio  (Figure  3.6) 
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Figuie  3.6  Effect  of  water/lipozyme  ratio  on  the  % convenijon  of  oleic  acid  in 
miaocmulsions  mediated  reactions. 


3 J.7  Effect  ()>  L'nsaiuracion  of  Faitv  Acid  on  ihe  Reaction  Kinetics 


The  sinjciure  of  ihe  fatty  acid  had  a profound  effect  on  the  percent 
conversion  of  fatty  acid  to  mono-  and  diglycerides  in  microemulsions  (Figure  3-7). 
A fnaximum  conversion  of  84%  was  found  in  the  case  of  linoleic  acid.  80%  for 
linolenic  acid,  71%  for  oleic  acid,  and  33%  for  stearic  acid.  This  is  believed  to  be 
due  to  the  fluidity  of  interface  caused  by  unsaturation  in  the  fatty  acid.  An  increase 
in  fluidity  caused  an  increase  in  the  rate  of  the  reaction.  Also,  as  the  unsaturaiion 
in  fatly  acid  increased,  its  solubility  in  hesane  also  increased.  Because  stearic  acid 
is  slightly  soluble  in  acetone,  oleic  acid  is  more  soluble  in  acetone  as  compared  to 
stearic  acid  whereas  linoleic  acid  and  linolenic  acid  are  highly  soluble  in  acetone  as 
indicated  in  the  CRC  handbook  of  Chemistry  and  Physics.  This  indicates  that 

increase  in  solubiU^  from  stearic  acid  to  linoleic  acid  gave  the  products  at  the 
interface  a driving  force  to  move  them  quickly  into  the  oil  phase,  resulting  in  an 
increase  in  percent  conversion.  The  very  small  difference  in  the  percent  conversion 
for  linoleic  acid  and  linolenic  acid  was  within  experimental  error.  It  seemd  that  an 
increase  in  unsaturation  from  two  to  three  double  bonds  had  the  least  effect  on  the 
difference  in  their  percent  conversion.  Although  unsaturation  was  higher  for 
linolenic  acid  as  compared  to  linoleic  acid,  the  differnce  in  the  partitioning  of 
products  from  these  two  fatty  acids  is  very  low. 


76 


Tine  (kr) 


: of  folly  acid  > 


1.8  HPLC  Analysis  of  Producia  from  w/c 


Samples  from  microemulsion  systems  were  mixed  with  equal  volumes  of 
ethanol  for  HPLC  analysis  using  the  external  standard  method.  These  studies 
showed  that  monoolein  (429b  by  weight)  and  diolein  <219b  by  weight)  are  the  only 
products  formed  during  the  enzymic  reaction  of  oleic  acid  and  glycerol  in 
mtcroemulsions  (Table  3.1).  Table  3.1  also  shows  equivalent  of  oleic  acid  present 
In  the  samples  from  AOT  tnicroemulsion  in  monoolein.  diolein,  and  unreacted  oleic 
acid.  The  total  amount  of  oleic  acid  token  wasO.004761  moles.  The  total  equivalent 
of  moles  of  oleic  acid  from  all  the  products  after  reaction  Is  0,004751  which  is  in 
excellent  agreement  with  the  initial  amount  of  oleic  acid  taken  (0.004761  moles). 

hours.  This  was  a much  higher  conversion  than  that  reported  by  Ergon  et  al.  (181) 
who  found  229b  diolein.  119b  monoolein.  and  5%  tnolein  after  60  hours  reaction  in 
bulk  aqueous  media.  We  believe  that  diolein  diffused  from  the  interface  to  the  oil 
phase  due  to  its  high  partitioning  in  the  oil  phase.  Hence  no  triolein  formation  was 
observed.  Similar  esterification  reaction  was  carried  out  in  bulk  phase  (no  alkane) 
by  Schuch  eial.  [182],  They  observed  the  formation  of  triolein.  This  means  that  the 
microemulaion  system  allows  diolein  to  diffuse  to  the  oil  phase.  Therefore,  one  can 
use  miaoemulsions  for  selective  synthesis  of  monoolein  and  diolein. 
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Table  .^.1  HPLC  analysis  of  product  from  esierificaiion  of  glycerol  and  oleic  add 
In  AOT  microemulsions. 

HPLC  Eauiv.  moles  of  oleic  acid  NaOH  titration 

Monoolein  « % (by  wt.)  0.001930 

DIolein  21  % (by  wl.)  0.001060 

Triolein  0 0.000000 

Oleic  Add  37  55.  (by  wi.)  0.001761  43  %(bywL) 

Total  equivalent  moles  of  oleic  add  0.004751 


The  average  size  of  reacting  microemulsion  droplets  was  measured  using 
QELS  at  various  lime  intervals  (Cugure  3.8).  As  we  saw  in  section  3 J.4.  there  was 
a net  decrease  in  the  aqueous  volume  due  to  esteriQcation.  It  clearly  shows  a 
deaease  in  the  diameter  from  95  k to  Si  k after  four  hours  when  reaction  reaches 

has  dimensions  of  a=71.6  k b=7S.O  A and  c=  S5.0  A (180).  It  is  evident  that  the 
enzyme  must  have  been  partly  outside  the  aqueous  cores.  The  reaction  reached 
equilibrium  due  to  the  increase  in  the  water  cootent  in  aqueous  core  and  squeezing 


microemulsions. 

In  summary,  the  synthesis  reaction  was  found  to  be  optimum  at  0.64  mole 
fraction  of  glycerol  to  water  because  additional  water  shifts  the  equilibrium  towards 

after  one  hour  but  for  equilibrium  conversion  after  10  hours  the  reverse  is  true.  The 


conversion  of  fatty  acids  into  glycerides  Increased  with  increased  fatty  acid  chain 
length.  A maximum  equilibrium  percent  conversion  at  1:1  molar  ratio  of  oleic  acid 
to  glycerol  was  observed.  A maximum  conversion  of  was  found  in  the  case  of 
linoleic  acid.  80%  for  linolenic  acid,  71%  for  oleic  acid,  and  33%  for  stearic  acid. 
The  HPLC  analysis  showed  the  presence  of  monoglycerides  and  diglycerides  but  no 
triglyceride  in  the  products  from  AOT  stabilized  water-in>oil  microemulsions. 


Time  (Min) 


Figure  3.8  Cb&nge  in  tbe  average  size  of  micraemuUians  during 


CHAPTER  4 

ESTERinCATION  IN  MONOLAYERS  AND  AOT  MICROEMULSIONS 


4.1  Inirnduclinn 

Upases  are  enzymes  that  catalyze  the  hydrolysis  or  synthesis  of  ester  bonds. 
Optimal  activity  of  lipase  is  observed  in  the  presence  of  an  interface.  The  best 
studied  lipases  are  those  that  are  water  soluble  using  substrates  that  are  water 
insoluble.  Thus,  monolayers  and  miaoemutsions  are  deemed  suitable  media  to  study 
the  effect  of  curvature  of  the  interface,  fluidity  of  the  interface.  pH  of  the  aqueous 
phase,  and  the  residence  time  of  reaaants  and  products  at  the  interface  on  enzymatic 
reactions. 

The  hydrolysis  of  lipid  monolayers  has  been  studied  extensively  for  various 
substrates  using  different  enzymes  [145.146, 148,183-135].  However,  veiy  little  work 
has  been  done  on  the  enzymatic  synthesis  in  monolayers.  Synthesis  in  monolayers 
is  of  great  interest  because  of  specific  molecular  orientation  of  polar  and  nonpolar 
groups  as  well  as  high  surface  concentration  of  substrate  molecules.  In  addition. 

varied  at  will  in  monolayers. 

The  hydrolysis  of  lecithin  monolayers  by  phospholipase  A has  been  studied  by 
measuring  the  decrease  in  surface  potential  [146],  Several  types  of  phospholipases 
that  catalyze  the  hydrolysis  of  acyl-ester  bonds  in  monolayers  of 


lhai  the 


glyceropbosphalidyles  have  aUo  been  reported  [148.183].  It  was  observed 
charge  on  the  substrate  surface  is  important  to  the  iititiailon  of  the  enzymatic 
reaction.  Shah  and  Schulinan  [145]  measured  the  action  of  snake  venom 
phospholipase  A on  lecithin  monolayers.  They  investigated  the  influence  of  divalent 
cations,  various  huflcrs.  and  the  presence  of  other  lipids  on  the  hydrolysis  of 
dipalmiioyl,  egg,  soybean,  and  dioleoyl  lecithin  monolayers,  It  was  shown  that  a 

surface  pressure.  The  critical  surface  pressure  required  to  block  the  peitetraiion  of 
the  enzyme  into  the  monolayer  increased  with  molecular  area  (i.e.  dioleoyl  ledlhin 
> soybean  lecithin  > egg  lecithin  > dipalmiioyl  ledthin).  Coladcco  [184]  has 
reported  measurement  of  surface  potential  was  important  to  monitor  enzymnlic 
reactions  of  phospholipid  monolayers  [134].  Thus,  monolayers  represent  a promising 
system  to  study  the  synthesis  reaction  of  stearic  add  (os  monolayer)  and  glycerol  (in 
subphase)  using  Lipozyme  (10.000  L Novo  Enzyme). 

topic  of  interest  for  several  groups  [122.124,171-174].  The  anionic  double-tailed 
surfactant  AOT  (sodium  di-[2-  eihylheaylj  sulfosucdnaie)  is  most  frequently  used  to 
form  microemulsions.  Unlike  most  surfactants,  AOT  does  not  require  additional 
amphiphiles  as  cosurfaclams  for  the  formation  of  reverse  micelles  because  of  its 
wedge-shaped  molecular  geometry.  The  rate  of  enzymatic  reaction  in  reverse 
micelles  depends  on  surfactant  concentration,  water  to  surfactant  ratio,  tempemmre, 
concentrallon  of  buffers,  and  pH.  The  enzymatic  synthesis  of  mono-,  di-,  and 


lion  belween-oil- 


soluble  fa(iy  acid  and  waier  soluble  giycarol  by  the  enzyme  (iipase)  in  reverse 


4,2  Esoerimenial  Procedure 

Stearic  acid  dissolved  in  a solvent  (hexunetmeihanoltchloroform  at  3:1:1, 
v/v/v)  was  spread  on  a subsoluiion  of  water  and  glycerol  using  an  Agla  micrometer 
syringe.  After  the  evaporation  of  the  solvent,  the  monolayer  was  compressed  with 
a waxed  glass  bar  up  to  the  desired  inilial  surface  pressure.  When  Ihe  surface 
pressure  reached  a steady  value  lipo^me  was  injected  under  the  monolayer  and 
stirred  gently  by  a rolling  magnet.  This  assured  the  uniform  distribution  of  the 
enzyme  in  the  subsolution.  The  surface  pressure  and  surface  potential  were 
measured  with  time.  After  three  hours,  the  monolayer  was  removed  by  suction  and 
Ihe  produa  was  dissolved  in  a solvent  of  methanohchloroform  (2:1.  v/v).  The 

4 2.2  Microemulsion  Formulation 

A typical  microemulsion  consisted  of  14  mi  of  alkane  and  0.004761  moles  of 
fatly  acid  in  Ihe  oil  phase  with  3 J g of  AOT  as  the  surfactant,  and  0.010043  moles 
of  glycerol.  0,1  mi  of  Hpozyme,  and  water  In  the  aqueous  phase.  First  glycerol, 
lipozyme  and  water  were  solubilized  in  14  ml  of  alkane  containing  3.3  g of  AOT, 


then  (aity  acid  was  added  to  start  the  reaction.  The  microemulsion  was  prepared  by 
mixing  the  above  contents  using  constant  stirring.  The  reaction  was  monitored  with 
NaOH  titration  using  phenolphthalcin  as  the  indicator  for  the  extent  of  reaction  and 
by  HPLC  for  quantitative  analysis  of  products  formed. 

■1.2J  Reaction  to  be  Invesliaaled 

The  synthesis  reunion  taking  place  in  the  microemtilsion  and  monolayer  is; 


Normal  phase  HPLC  on  a silica  column  (10  mm  x 2.4  mm)  with  a UV 
absorbance  deienor  of  213  nm  cut-oS  wavelength  and  O.OS  absorbance  units  full- 
scale  (aufs)  was  used  to  separate  monoglyceride,  diglyceride,  triglyceride,  and  fatty 
add  to  monitor  the  reaction.  A mixture  of  iso-octane  and  iso-propanol  (94/6,  v/v) 
was  used  os  the  mobile  phase.  The  flow  rate  of  the  mobile  phase  was  kept  at 
1 ml/min.  All  analyseswere  done  at  room  temperature.  The  integrator  plotted  raw 

TLC  plates  were  run  twice  in  diethyl  ether  up  to  2 cm,  and  then  in 
hexane/diethyl  ether/aceiic  acid  mixture  (70/30/1,  v/v/v). 


A.3  Resum 


A monolayer  of  siearic  acid  was  spread  onasubsoluiion  of  glycerol  and  water 
( 1:1,  v/v;  total  volume  = 85  ml  at  pH  6.8).  The  monolayer  was  compressed  to  the 
desired  surface  pressure  (22  dynes/cm)  and  Ilpozyme  solution  was  injected  under  the 
monolayer.  Lipozyme  was  gently  mixed  under  the  monolayer  by  rolling  the  magnetic 
bar.  The  surface  pressure  and  surface  potential  were  measured  with  lime  as 
described  earlier  (188],  It  was  evident  that  surface  pressure  remained  constant 
(Rgure  4.1)  whereas  surface  potential  increased  hy  about  90  mV  (Rgure  *2).  The 
synthesis  reaction  was  carried  out  at  three  concentrations  of  lipo^e  (144  LU.  216 
LU,  & 288  LU  per  mi  of  subsolution).  No  change  in  the  surface  potential  of  stearic 
acid  monolayerwasobserved  without  lipozyme.  Inorderioesiablish  that  the  change 

out  additional  experiments  using  a monolayer  of  stearyl  alcohol  instead  of  stearic 
acid  but  under  the  same  conditions  as  before.  There  was  no  change  in  the  surface 
potential  after  injecting  the  lipozyme  under  the  stearyl  alcohol  monolayer.  On  the 

a decrease  In  the  surface  potential  [145.184|.  The  change  in  surface  potential  of  the 
monolayer  was  measured  at  various  initial  surface  pressures  to  determine  the  effea 

results  shown  in  Figure  4J  that  an  initial  surface  pressure  of  20  dynes/cm  was 


Surface  pressure  - rime  curves  for  enzymatic  reactions  in  stearic  add 
monolayers  at  various  Lipozyme  solution. 
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Surface  poieatial  - lime  curves  for  enzymatic  reactions  in  stearic  acid 
monolayers  at  various  lipozyme  coucentratioiis.  Tbe  initial  surface  pressure 
was  22  dynes/cm  for  each  monolayer. 


Effect  qf  initial  surface  pressure  on  the  change  in  surface  potential  of  the 
steanc  acid  monolayers  in  1 hour. 


in  ihe  surface  poicniioJ  (i.e,. 


Initially  Ihe  change  in  surface  potential  inaetised  with  the  increase  in  the  surface 
pressure,  k was  mainly  due  to  the  increase  in  the  two  dimensional  canceniraiion  of 
reactant  at  the  air/svaier  interface.  After  reaching  the  optimum  surface  pressure  of 
20  dynes/cm,  the  change  in  Ihe  surface  potential  decreased  with  an  increase  in  inidal 
surface  pressure,  because  stearic  acid  molecules  were  so  lightly  packed  that  it 
reduced  the  penetration  of  the  aaive  site  of  the  enzyme  in  the  monolayer  and  hence 

reaaion.  After  the  completion  of  the  reaaion,  the  monolayer  was  removed  and 
mixed  with  chloroform  and  methanol  (1:2  v/v)  solvent  to  dissolve  possible  mono-,  di-, 
and  triglycerides.  Performing  HPLC  on  this  sample  indicated  the  presence  of 
trislearin  (32.6  %).  monosiearin  (5S.7  %),  and  stearic  acid  (11.7  %)  in  the 
monolayer.  Performing  TLC  on  the  extracted  monolayer  also  confirmed  the 
presence  of  these  products.  It  should  be  noted  that  both  TLC  and  HPLC  showed  the 
absence  of  disieanu  in  the  product  from  monolayer.  In  contrast,  the  produa  from 
microemulsion  had  monosiearin  and  dlsieorln. 

4,3.2  Reactions  in  Microcmulsinns 

conversion  of  fatty  acid  in  microemulsions  (Figure  3.6).  A maximum  conversion  of 


acid,  and  33.4%  fur  sieaiic  acid  This  occurs  due  lo  the  change  in  paniiioning  of  a 
faity  acid  between  the  interface  and  the  oil.  caused  by  unsaiuration  of  the  fatty  acid. 
As  unsaiuration  of  a forty  acid  Increases,  its  solubility  in  hexane  Inaeases.  This 
increase  In  solubility  from  stearic  acid  to  linoleic  acid  gives  a driving  force  to  the 
products  at  the  interface  to  move  quickly  into  the  oil  phase.  This  results  in  an 
inaease  in  percent  conversion.  There  was  a very  small  difference  between  linoleic 


fatty  a. 


although  unsaturaiion  is  more  for  linolenic  acid  the  difference  in  solubility  of  the 
products  in  hexane  is  presumably  very  iow.  Analysis  by  HPLC  of  a sample  from 
microemulsion  containing  stearic  acid  indicated  the  presence  of  monosiearia  <12.4%), 
disiearin  (21.0%).  and  stearic  acid  (66.6%).  In  contrast  to  stearic  acid  monolayers, 
no  irisiearin  was  formed  in  microemulsions.  Performing  TLC  on  this  microemulsion 
sample  also  confirmed  the  presence  of  these  products. 


4.4  Discussion 

Although  the  enzyme  is  1,3  specific,  the  presence  of  triglyceride  was  observed 
in  the  monolayer  products  but  not  in  the  microemulsions.  This  was  mainly  due  lo 
the  long  residence  time  of  the  products  and  substrate  at  the  air/waier  interface  in 
monolayers  that  favored  acyl  migration,  li  is  likely  that  the  products  and  substrates 
were  relatively  more  siationaiy  at  the  air/waier  interface  of  monolayers  than  at  the 
oil/waier  interface  of  microemuisions.  The  enzyme  presumably  maintained  its 
specificity  in  the  microemulsions  as  well  as  in  monolayers. 


(IS8|  lhai  lipases  are  able  lo  catalyze  synthesis  reactions 
r starvation,  ’ which  was  conHcmed  using  suspensions  of  the 


enzymes  in  organic  solvents  [21].  Other  researchers  have  attempted  to  synthesize 
glycerides  from  glycerol  and  fatty  acids  in  microemulsions  with  very  low  water 
content  1 120.144],  While  no  synthesis  reaction  was  observed  in  microemulsions  with 
water/glycerol  ratio  above  I;1  mole/mole  [ITT],  We  found  that  the  same  synthesis 
reaction  was  possible  In  monolayers  with  a waler/glycerol  ratio  of  4:1.  mole/mole 
(111,  v/v}.  In  fact  a significant  increase  in  surface  potential  (-60  mV)  was  observed 
with  a waier/glycerol  ratio  of  12:1.  mole/mole,  indicating  the  synthesis  in 
monolayets.  This  was  due  to  the  orientation  of  the  polar  group  of  the  fatly  acid 
towards  the  active  site  of  the  enzyme  and  high  concentradon  of  fatty  acid  molecules 
near  the  active  site.  The  concentration  of  fatty  add  per  unit  interfacial  area  in 
moDolayers  was  much  higher  than  the  inierfaciol  concentradon  of  fatty  adds  ia 
microemulsions,  Trisiearin  and  monosiearin  were  the  main  products  from  the 
reaction  in  monolayers,  whereas  distearin  and  monosiearin  were  the  main  products 
from  the  reacdon  in  microemulsions.  The  results  obtained  from  the  reacdon  in  the 
micrnemulsion  was  consistent  with  the  results  obtained  by  Hayes  and  CuJari  [177], 
They  used  telradeconoic  add  as  fatty  acid  and  lipase  from  R.  delemar.  The  presence 
of  triglyceride  in  reactions  in  monolayers  is  mainly  due  to  the  residence  time  of 
reacianis/producis  at  the  interface  which  was  very  long  in  case  of  monolayers  as 
compared  to  that  in  microemulsions,  and  favorable  orienuiion  of  stearic  add 
molecules  in  monolayers.  The  most  interesting  pan  of  the  synthesis  in  monolayers 
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was  ihe  absence  of  distearin.  The  molecular  size  of  lipozyme  is  71.6  A x 75.0  A i 
S5.0  A.  Reactions  in  a monolayer  were  carried  out  at  the  surface  pressure  of  20 
dynes/cm  which  gave  an  area/molecule  of  stearic  acid  at  the  air-water  interface  of 
about  25  A’/molecule.  This  gave  a high  probability  of  acyl  migration  from  1(3) 
position  to  2 position  and  further  esterification  at  1(3)  position.  Therefore, 
triglycerides  were  formed.  The  atyl  migration  was  a serious  problem  in  monolayer 

formed  at  the  interface,  it  diffused  into  the  oil  phase  due  to  its  partitioning  behavior. 

interface,  so  chemical  compositions  of  interface  in  the  microemulsioo  and  in  the 
monolayer  are  quite  different.  In  order  to  elucidate  the  real  cause  of  triglyceride 
formation  in  the  monolayer,  one  needs  to  have  the  same  Interface  composition  for 
both  monolayer  and  miaoemulsiun  interfaces.  Chapter  5 explore  the  above  question 


43  IGneiie  Analysis  of  Esterificaiion  Reactions  in  Waier-in-Oil  Mieroemulsions 

It  is  well  known  that  lipase  is  activated  at  an  oil-water  interface  and  exerts  its 
hydrolytic  activity  only  on  those  substrate  molecules  that  are  present  at  that  interface. 
This  makes  the  study  of  enzyme  kinetics  of  lipolysis  very  complicated  [189|.  It  has 
been  found  that  the  rate  of  hydrolysis  depends  on  the  triglyceride  concentration  at 
Ihe  interfacial  area  rather  than  on  that  in  the  bulk  oil  phase.  In  practice,  this  means 


that  the 


nulsion  systems  is  highly 


Sion  droplets  and  the  presence 


affected  by  the  size  of  the  microemuls 
To  increase  the  reliability  of  the  lipase  kinetic  parameter  measurements,  the 
literature  dies  several  approaches,  oil  emphasizing  the  importance  of  the  interfadaJ 
area.  Amongst  these  are  the  use  of  monolayers  of  substrate  {189,190],  the  use  of 
light  scattering  techniques  to  continuousiy  monitor  the  interfacial  area  1191],  and  the 
use  of  stabilized  reversed  micellar  solutions  [192, 130.193.194],  Due  to  the  diameter 
of  the  reversed  micelles,  which  is  typically  from  3 to  10  nm  (120],  an  optically 
transparent  and  stable  solution  is  obtained  with  such  a large  total  interfadal  area. 
This  means  the  availability  of  substrate  to  the  enzyme  is  no  longer  rate-limiting. 
Other  researchers  have  found  that  the  kinetics  of  reactions  catalyzed  by  enzymes 
entrapped  in  such  reversed  micelles,  as  a rule,  obey  the  classical  Michaelis-Menten 
equations  [102,133].  It  is  assumed  that  the  enzyme  E and  substrate  S combine  to 
form  a complex  ES.  which  then  dis.sociates  into  product  P and  free  enzyme  E: 

e*s^es 
es!5e  + p 

The  Michaclis-Menten  rate  expression  is 
V = V_S/K„H-S 

where  V^-kje^  and  K,=(K,  + lt!)/k, 

By  rearranging  this  Michaelis-Menten  equation,  one  can  obtain  the  following 

1/V  "l/V.„f(K,/V.^(l/S) 


The  plot  of  1/V  vs.  1/S, 


study  (Figure  4.4). 


dependent  and  independent  variables  for  the  pteseni  s 
When  V is  equal  to  v^2  then  S is  equal  to  K„, 

Han  and  Rhe«|133]  ptoposed  a simplified  model  based  on  Michaelis-Menien 
kinetics  to  simulate  the  hydrolysis  of  olive  oil,  in  which  only  one  substrate, 
iriglycende,  and  one  product  fatty  acid,  were  as.sunted.  Based  on  this  model,  for  the 
present  study  . the  initial  rates  of  oleic  acid  consumption  at  a substrate 
concentrations  ranging  from  0.2303  M to  1.0948  M were  calculated  to  execute  the 
Lineweaver-Burk  plot  The  linearity  of  the  Linewenver-Burk  plot  shown  in  Figure 
4.4  suggests  that  the  Michaelis-Menien  model  of  enzyme  Idnetics  holds  for  the  lipase 
catalyzed  esterification  reaction  in  reversed  micelles  In  the  substrate  range  tested. 
The  K,„,  and  K,  values  are  25  mM.min  *.  3333  mM.  and  111.2  min''.  Since  we 
don’t  know  of  any  previous  study  on  the  kinetics  of  the  esterification  of  fatty  acid 
with  glycerol,  it  is  very  difficult  to  compare  the  kinetic  values  found  with  literanire 
data.  For  a non-specific  lipase  (from  Caiuiida  mgosa)  K,„  and  K,  values  are  717  mM 
and  67.1  MmoLmin  '.mg  '.  were  found  by  Tsai  and  Chlang  [194]  for  the  hydrolysis  of 
olive  oil  by  CoActida  rugosa  lipase.  Han  and  Rhee  (120).  on  the  other  hand,  found 
a of  32  mM.  the  difference  is  possibly  due  to  a different  source  or  Candida  rugosa 
strain  of  the  lipase  used.  The  K-  value  (111.2  min ')  obtained  for  esierificaiion 
reaction  is  somewhat  higher  than  the  value  obtained  by  Oerkensen  et  al.  for 
hydrolysis  of  crambeoilbyAfucormie/ier  lipase  (Kj“69.7  min  ')  [!95|.  The  vety  high 
found  indicates  that  the  ES  complex  tends  to  break  at  a 
i rate  of  formation  of  the  £S  complex. 


K„,  (3333  mM) 
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Figure  4.4  Lineweaver-Burk  plot  for  eniyraatic  reactior 
micToemulsions  of  the  present  study- 
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In  summary,  our  results  indicate  that  enzymatic  synthesis  in  monolayers  is 
indeedpossibleat  higher  water  content  as  compared  lo  microemulsions.  Monolayers 
are  more  favorable  for  percenr  conversion  of  fatty  acid  inio  glycerides  as  compared 
to  other  systems  such  as  microemulsions  or  aqueous  solutions.  Moreover,  the 
concentration  of  the  subsrrare  at  the  air-water  interface  can  be  varied  with  surface 
pressure  in  monolayers.  We  also  observed  that  mono-  and  triglyceride  were  the  major 


The  kinetic  analysis  of  the  esterification  reaction  in  the  waier-in-oil 
microemulsions  indicates  that  this  reaction  was  ftrst  order  and  it  obeyed-Michaelis- 
Menten  equation.  The  and  Kj  values  were  25  mM.inin  *,  3333  mM  and 

111.2  min'*.  The  very  high  value  of  K„  indicates  that  the  ES  complea  tended  lo 


disappear  much  faster  than  it  was 


CHAPTERS 

ESTERinCATION  [N  Na-OLEATE  STABILIZED  MICROEMULSIONS 
AND  M0N01A.YERS 

S.l  Iniroduciion 

Enzymatic  catalyzed  lipid  iransforaiaiions  in  waier-in-oil  microemulsions  have 
been  understudy  for  the  last  decade  (124.171.186.196].  Lipase  catalyzed  hydrolysis 
of  triglycerides  to  monoglycerides  or  all  the  way  to  glycerol  and  fatty  acids, 
depending  on  the  specificity  of  the  enzyme,  provides  in  high  yields.  Lipase  catalyzed 
glycerolysis  seems  to  be  a useful  way  of  synthesizing  monoglycerides.  However, 
enzymatic  synthesis  of  triglycerides  from  glycerol  and  fatty  acids  has  not  been  carried 
out  successfully  in  microemulsions  (136.144.197].  Recently,  we  have  shown  that 
triglyceride  synthesis  could  be  performed  at  the  air-water  interface  using  a monolayer 
of  fatty  acids  (198)  or  foam  as  the  reaction  medium  (199].  Since  reaalons  in 
microemulsions  and  monolayers  are  both  Interfacial  processes,  it  seemed  to  be  of 
interest  to  investigate  why  triglycerides  can  be  synthesized  in  monolayers  but  not  in 
mlcroemulsions.  This  chapter  aims  at  elucidating  this  issue. 

The  lipase  catalyzed  condensations  of  fatty  acid  and  glycerol  In  microemulsion 

amphiphile  which  does  not  take  part  in  the  enzymatic  process.  Hence,  the  interface 

molecules.  For  reaction  to  occur,  the  enzyme  and  the  oil  soluble  reactants  must  be 
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is  (liffereni  for  ihe 


utile  (0  squeeze  their  wuy  into  Ihe  palisade  layer.  The  siiuaiion 
moDolayer  experlmeni  In  which  the  fairy  acids  align  ai  ihe  air-waier  inierface  and 
ihere  is  no  surfaciani  palisade  layer  lo  prevem  Ihe  coniaci  wiih  the  enzyme  residing 

This  work  alms  ai  comparing  lipase  catalyzed  condensation  of  fatty  acid  and 
glycerol  in  monolayers  and  in  water-in-oil  microemulsions.  The  microemulsion 
palisade  layer  will  consist  of  the  same  fatty  acid  and  fatty  acid  soap  molecules  that 
constitute  the  monolayer  at  the  ait-water  inierface.  The  effect  of  the  nonreactive 
surfactant  on  the  reaaion  in  the  microemulsion  is  consequently  eliminated. 

In  this  eapetiment  the  microemulsion  is  stabilized  by  sodium  oleate  (Rgure 
5.1)  instead  of  AOT  as  repotted  earlier  [198]  to  compare  mechanism  involved  in  the 
monolayer  and  microemulsion.  Here  same  weight  ratio  of  oleic  acid  and  sodium 
oleate  is  taken  in  both  the  systems.  This  experiment  is  designed  to  have  an  inierface 
of  the  same  composition  of  oleic  odd  and  sodium  oleate  in  both  the  monolayer  and 
ihe  microemulsion.  Interestingly,  the  microemulsion  containing  sodium  oleate  as 
surfactant  and  tertiary  butanol  as  co-surfactant  can  solubilize  high  amount  of 
dispersed  phase  (45-50  %).  Tertiary  butanol  was  essential  for  formatioo  of 
microemulsions.  There  was  no  tertiary  butanol  in  the  monolayer  experimenL 
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Figure  S.I  Schemalic  representaiioQ  of  Ns-oleate.  oleic  acid  and  t-buianol 
stabilized  w/o  microemulsions. 


EKoerimenial  Proceduie 


y2.1  Monolayer  Fnnuaunn 

The  mixture  ot  oleic  acid  and  sodium  oleaie  at  70:30.  ur/w.  wa.s  dissolved  in 
a solvent  of  hexane:methanol:chloroform  3:1:1.  v/v,  then  it  was  spread  on  a 
subsolution  of  water  and  glycerol  (1:1,  v/v)  using  an  Agla  micrometer  syringe.  After 
the  evaporation  of  the  solvent,  the  monolayerwas  compressed  with  a waxed  glass  bar 
up  to  a desired  initial  surface  pressure.  When  the  surface  pressure  had  reached  a 
steady  value,  lipozyme  was  injected  under  the  monolayer  and  stirred  gently  by  rolling 
a magnetic  bar  to  assure  uniform  distribution  of  the  enzyme  in  the  subsolution.  The 
amount  of  enzyme  was  TOLU  per  gram  of  the  subsolution.  The  surface  pressure  and 
surface  potential  were  measured  after  30  seconds  of  stirring.  After  three  hours,  the 
monolayer  was  removed  by  suction  and  the  product  was  dissolved  In  a solvent  of 
methanohchloroform  2:1,  v/v.  The  sample  for  HPLC  analysis  was  taken  from  the 
methanol  and  chloroform  solvent  phase. 

5.22  Formulation  of  Microemulsion 

The  mixture  of  oleic  acid  and  sodium  oleate  (70:30  w/w)  was  heated  to  SOit 
and  then  cooled  to  room  temperature  to  assure  a homogenous  mixture.  Isooctane 
containing  48%  tertiary  butanol  was  mixed  in  various  ratios  with  the  mixture  of  oleic 
acid  and  sodium  oleate.  Then,  those  turbid  mixtures  containing  the  above  four 
chemicals  were  titrated  with  dispersed  phases.  The  turbid  mixture  became  clear  after 
the  addition  of  a small  amount  of  dispersed  phase  and  it  became  again  turbid  after 
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ihe  funher  addition  of  dispersed  phase.  Turbidity  was  visualized  using  a cross 
polarizer  in  a cunsiani  lemperaiure  bath.  The  minimum  amount  of  dispersed  phase 
required  was  taken  as  the  starting  point  of  (he  U phase.  The  maximum  amount  of 
dispersed  phase  before  becoming  turbid  was  taken  as  end  point  of  the  L,  pha.se. 
Three  dispersed  phases,  pure  glycerol,  mixture  of  glycerol  and  water  and  pure  water 
were  taken  to  determine  U-phases.  A pseudo-ternary  phase  diagram  representing 
U phase,  ivith  dispersed  phase  as  glycerol  and  other  two  components  Isooctane  plus 
tertiary  butanol  and  oleic  acid  plus  sodium  oleaie,  was  obtained.  Similarly,  a-pseudo- 
lernary  phase  diagram  represeniing  L,  phase,  with  dispersed  phase  as  glycerol  plus 
water  and  other  two  components  isooclane  plus  teniary  butanol  and  oleic  acid  plus 
sodium  oleaie,  was  obtained.  Similarly,  pseudo-ternary  phase  diagram  representing 
U phase,  with  dispersed  phase  as  water  and  other  two  components  isooclane  plus 
tertiary  butanol  and  oleic  acid  plus  sodium  uieaie.  was  obtained.  These  phase 
diagrams  show  the  increase  in  Ihe  solubility  of  dispersed  phase  with  Ihe  increase  in 

self-diffusion  measurements  nnd  esterification  reactioa  The  microemuJsions  for 
esterification  were  left  overnight  to  stabilize.  The  next  day,  fixed  amouni  of  lipozyme 
(50  LU/g  of  microemulsion)  were  added  to  various  microemulsion  samples  and 
reanions  were  monitored  with  KOH  titration. 


5.2.3  Self-diffusion  Miasuremenis 

Self-diffusion  coefficients  were  obtained  usinglhe‘H-NMR  Fourier-lransfortn- 
pulsed-gradient  spin-echo  (FT-PGSE)  technique  using  a standard  JEOL  FX-lOO 


' of  99.6  MHz  and  a lemperamre 


NMR  spectromet 


of  25  I 0S°C.  The  PGSE  measurements  were  taken  by  varying  the  duration  of  the 
gradient  pulse  (1  Gauss  cm  ')  at  a constant  measuring  time  of  140  ms  [200|. 


The  synthesis  reaction  taking  place  In  the  microemulsion  and  monolayer  is: 


The  synthesis  reaction  in  the  microemulsion  was  monitored  by  measuring  the 
amount  of  fatty  acid  consumed  using  titration  with  0.1  KOH  in  ethanol  and  a sample 
without  Lipozyme  as  a blank.  The  results  were  calculated  as  the  percent  conversion 
uf  fatty  acid  into  glycerides. 

To  monitor  the  synthesis  reaction,  normal  phase  HPLC  on  a silica  column  (10 
mm  X 2.4  mm)  with  a UV  absorbance  detector  of  213  nm  cut-off  wavelength  and  0.05 
absorbance  uniu  full-scale  (aufs)  was  used  to  separate  monoglyceride,  diglyceride, 
triglyceride,  and  fatty  acid.  A mixture  of  iso-oaone  and  iso-propanol  94:6.  v/v,  was 
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All  analyses  v.vre  done  ai  a room  lemperuiiue  of  approximaiely  22°C  Tlie 
iniegraior  plotted  raw  signal  from  the  detector  and  determined  the  presence  of 

The  TLC  plates  were  run  twice  in  diethyl  ether  up  to  2 cm.  and  then  in  a 
hexane/diethyl  eiher/acetic  acid  mixture  of  70:30:1,  v/v/v. 


5.3  Results 


A monolayer  of  oleic  acid  and  sodium  oleate  (70:30  w/w)  was  spread  on  a 
subsolution  of  glycerol  and  water  (1:1,  v/v;  total  volume  85  ml  at  pH  6.8).  The 
monolayer  was  compressed  to  the  desired  surface  pressure  (18  dynes/cm)  and 
Lipozyme  was  injected  under  the  monolayer.  Lipozyme  was  gently  mixed  under  the 
monolayer.  The  surface  pressure  and  surface  potential  were  measured  with  time  as 
described  earlier  [145).  It  is  evident  from  the  data  shown  in  Figure  5.2  that  surface 
pressure  increased  by  5 dynes/cm  whereas  surface  potential  increased  by  about  120 
mV.  The  synthesis  reaction  was  carried  out  at  80  LU  per  ml  of  subsolution-  There 
was  an  increase  in  (he  surface  pressure  of  5 dynes/cm,  unlike  the  previous 
observation  (Figure  4.1}  where  surface  pressure  remained  unchanged  after  the 
addition  of  (he  Lipozyme  under  the  monolayer  of  stearic  acid  (145).  It  was  mainly 
due  to  the  larger  area/molecule  of  oleic  acid/sodium  oleate  as  compared  to  the 
stearic  acid  which  allowed  penetration  of  the  enzyme  into  the  monolayer.  Oo  the 
other  hand  cleavage  of  the  ester  bond  in  lecithin  monolayers  decreases  the  surface 
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poieniial  [14S.184].  We  measured  the  change  In  surface  poieniial  of  the  monolayer 
ai  various  inluoJ  surface  pressures  in  order  to  elucidate  the  effect  of  surface  pressure 
on  the  synthesis  reaalon.  It  is  evident  from  the  data  presented  in  Figure  lhai  an 
initial  surface  pressure  of  18  dynes/cm  was  optimum  for  maximum  change  in  the 
surface  potential  (i.e.  maximum  conversion).  Initially  the  change  in  surface  potential 
increa.sed  with  an  increase  in  the  surface  pressure.  This  was  mainly  due  to  the 
increase  in  the  two  dimensional  concentration  of  reactant  at  the  air/water  interface. 
After  the  optimum  surface  pressure  of  18  dynes/cm  was  reached,  the  change  in  the 
surface  potential  decreased  with  an  increase  in  initial  surface  pressure  because  oleic 

reduced. 

The  produa  from  the  monoloyer  was  analyzed  to  confirm  the  synthesis 
reaction.  After  completion  of  the  reaaion.  the  monolayer  was  removed  and  mixed 

triglycerides.  An  HPLC  analysis  of  this  sample  Indicated  the  presence  of  triolein 
(23%).  diolein  (19%)  and  oleic  acid  (SS%)  in  the  monolayer  (Table  S.l).  The 
degree  of  conversion  of  oleic  acid  was  41%.  The  TLC  of  the  extracted  monolayer 
also  confirmed  the  presence  of  these  products  (Figure  5.4  and  5S).  Figure  5.4  and 
53  showed  the  presence  of  Iriolen,  1,2  diolein.  and  13  diolein  from  pure  oleic  add 
monolayer  and  mixture  of  oleic  acid  and  sodium  oleaie  (70:30,  w/w).  There  was  no 
evidence  of  monoolein  in  the  samples  from  the  either  monolayer. 


Table  S.l  HPLC  analysis  of  (he  products  formed  after  30  minutes  of 
reaction  in  monolayers  uruJ  microemuJsions  system. 


Svstem  Monoglyceride  Diglycende  Triglyceride 

wi  % wi  % wt  % 


Monolayer  bused  0 12  22 

on  oleic  acid  and 
sodium  oleate 

Monolayer  based  0 12  21 

on  oleic  acid 


212 


Microemulsion  S 21 
based  on  oleic  acid 


22^ 


107 


Surface  Pressure  (dynes/cin) 


Effect  of  initial  surface  pressure  on  the  change  in  surface  potential  in 


Figure  5 J 
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Figure  5.4  TLC  of  (be  standard  aod  products  ftom  oleic  acid  monolayers. 


rigure  5.5  TLC  of  the  siandar 


snly  of  oleic  acid.  After  30  i 


was  analyzed  by  HPLC.  , 
higher  as  compared  to  lh< 
present  in  the  monolaye: 
approximately  40%. 

In  both  cases,  the  i 
case  the  presence  of  sodiu 


a in  Table  S.l.  the  ar 


ould  b< 


n the 


0 reach  equilibrium  but  in  the  first 
ised  the  formation  of  triolein.  This 
m of  lipase  with  the  monolayer  is 


previously  that  adsorption  of  lipase  to  a monolayer  is  weaker  with  a more 
negatively  charged  interface  [201]. 

When  the  enzyme  was  added  to  an  aqueous  subsolution  without 
glycerol,  that  had  a monolayer  with  a surface  pressure  of  18  dynes/cm,  the 
surface  pressure  increased  by  3 dynes/cm  and  the  surface  potential  increased 
by  5 mV  (data  not  shown).  The  inaease  in  surface  pressure  without  glycerol 
in  the  subsolution  can  be  seen  as  an  indication  of  the  lipase  being  surface 
active  [201|. 


532  Phase  D 

Figure  5.6.  a pseudo-ternary  phase  diagram,  represents  U phase  with 
dispersed  phase  os  glycerol  and  other  two  components  are  isooctane  plus 
tertiary  butanol  and  oleic  acid  plus  sodium  oleaie,  Rgure  5.7,  a pseudo- 
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Figure  5.7  Phase  diagram 


(l;l  w/w)  dispe 
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ternary  phase  diagram,  represents  L-  phase  with  dispersed  phase  as  glycerol 
plus  water  and  other  two  components  are  isooctane  plus  tertiary  butanol  and 
oleic  add  plus  sodium  oleate.  Figure  3.8,  a pseudu-temary  phase  diagram, 
represents  U phase  with  dispersed  phase  as  water  and  other  two  components 
are  isooctane  plus  tertiary  butanol  and  oleic  acid  plus  sodium  oleate.  As  can 
be  seen,  the  isotropic  U phase  is  relatively  large  in  all  systems.  These  phase 
diagrams  show  the  inaease  in  the  solubiliry  of  the  dispersed  pha.se  with  an 

phase  was  obtained  for  any  water-glycerol  mixture  combined  with  the 
hydrocarbons  heptane,  isooctane  or  nonane.  The  cosurfactani  tertiary  butanol 
was  chosen  because  it  is  not  a substrate  for  lipase.  Figure  3.9  is  the  pseudo- 
ternary  phase  diagram  of  the  glycerol  mictoemuision  with  9.1%  water.  The 
various  components  from  this  microemuUion  shown  in  Table  52  were  taken 

microemulsioiis  for  esterification  were  left  overnight  to  stabilize.  The  next 
day.  a fixed  amount  of  Lipozyme  (30  LU/g  of  microemuision)  was  added  to 

to  33%  in  the  microemuision  having  high  glycerol  concentration  (Figure  3.10}. 
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=igure  Phase  diagram  of ' 


f'in'OU  mjcroemulsion- 
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Figuie  5.9  Phase  diagram  of  glycerol  and  9.1  % 


dispersed  microeniulsiao. 


116 


Figure  5.10  Pe 


sion  of  oleic  add  wicb  respect ' 
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Table  Composilions  (w/w)  and  seif-diffusion  coefficients  for  water 
(D.)  for  microemulsions  used.  is  seif  diffusion  coefficient 
ufneat  water  (ZlsKT’mW) 


System  Isooctane-r  Oleic  acid»  Glycerol  Water  D,  D./D", 
t-Buunol  Na-oieale 
(S2;48)  (70:30) 

% % % % ra=S-' 


Sample  1 773  9.7 

Sample  2 59.1  217 

Sample  3 50.0  29.2 

Sample  4 313  412 

Sample  5 313  273 

Sample  6 24,0  673 


038 

0.16 

0.12 


0.04 

0.07 
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5.4  Discussion 

There  are  very  iateresiing  results  from  the  above  ejtperimems  in 
monolayers  and  mlcroemulsions.  Compared  to  the  monolayer  experiments. 

optimum  glycerol  to  water  ratio  which  gives  a maximum  degree  of  conversion 
In  mlcroemulsions.  However,  it  has  been  seen  that  a very  high  glycerol  to 
water  ratio  leads  to  poor  lipase  activity,  possibly  due  to  dehydration  of  the 
enzyme  [I43|.  Most  liltely.  there  exists  an  optimum  ratio  between  the  two 
polar  components  like  that  seen  in  the  previous  Chapter  4 with  the  AOT 
microemulsion  system.  Some  reactions  exhibited  a pronounced  maximum  in 

that  proceed  via  a maximum  in  yield  at  a certain  time  have  been  experienced 
before  [143]. 

Self-diffusion  NMR  measurements  of  water  were  performed  on  the  six 

included  in  Table  S 2.  As  can  be  seen  from  Table  32,  the  D-value  of  water 
in  the  series  of  samples  with  constant  water  content  (samples  1-S>  decreases 

has  the  smallesi  conieni  of  both  water  and  glycerol,  does  not  give  the  lowest 
value  of  D,/D°^  It  seems  that  an  increased  glycerol  content  favors  closed 
w/o  structures.  From  ihe  values  of  O./D"^  it  is  obvious  that  all  samples. 
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eicepiion  ot  composilii 


regarded  as  true  w/o 


Some  reactions  show  maximum  conversion  alter  a certain  time.  After 
maxima  conversion  goes  down.  One  possible  reason  may  be  the 
microstrucntral  change  during  the  reaction.  A reaction  using  composition  4 
was  monitored  by  seif-diffusion  NMR.  Sampies  were  taken  from  reacting 
system  after  0.07,  4.  and  24  hours  and  the  D,  values  were  recorded.  The 
results  shown  In  Table  5.3  indicate  that  there  are  no  major  changes  occurring 
in  the  microstructure  of  the  miaoemulsion  during  the  course  of  the  reaction. 
A small  decrease  in  the  diffusion  rate  forwaler  was  observed  after  4 hours  of 


Reaction  time  (hr)  0,/D°, 


Micruemulsions  3 and 
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■hat  iwo  ceaaiuns  are  taking  place  in  this  microemulalon  sy$iem.  The 
esterification  of  glycerol  and  oleic  acid  gives  monoglycerides,  diglycerides,  and 
water.  The  water  formed  during  esterification  reacts  with  sodium  oleste  to 
give  oleic  acid  and  sodium  hydroude.  When  sodium  oleate  concentration  was 
low,  there  was  equilibrium  between  the  esierificaiion  reaction  and  the 
secondary  reaction.  When  concentration  of  sodium  oleate  was  greater  in  the 
microemulsion  (such  as  in  3 and  4).  a large  quantity  of  oleic  acid  was  formed 
as  a result  of  the  water  formed  during  esterification.  The  large  amount  of 
oleic  acid  resulted  In  substrate  Inhibition  and,  therefore,  titration  showed  a 

removal  of  water  by  the  controlled  addition  of  molecular  sieve  increases 
esterification  |S6].  Sodium  oleate  was  used  in  this  microemulsion  to  remove 

The  low  degree  of  conversion  found  in  all  the  microemulsion  reactions 
Is  probably  due  to  the  relatively  high  water  content  of  the  systems.  A much 
higher  ratio  of  glycerol  to  water  should  be  favorable  from  an  equilibrium 
standpoint.  We  have  seen  in  Chapter  4 that  lipases  exhibit  low  activity  at  higb 
water  content.  An  interesting  observation  is  that  the  reactions  in  a monolayer 
give  a much  higher  oleic  acid  conversion  (40-41%)  than  microemulsion  3 
(6%),  which  had  same  glycerol  to  water  ratio  (12:1,  w/w)  as  the  monolayer 
subphase.  Evidently,  the  special  orientation  of  the  reaaant  at  the  air-water 
interface  enhances  the  normal  esterification  equilibrium.  The  increased 
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residence  lime,  closer  molecular  packing,  and  more  favorable  orienladon  of 
glycerol  and  fairy  acid  ai  the  air-waier  interface  also  cuniribuies  to  the  high 
conversion  in  the  monolayer  as  compared  to  the  microemuisions.  where  fatty 
acid  as  well  as  mono-  and  diglyceride  molecules  have  the  freedom  to  panition 
Into  the  oil  phase. 

Table  5.1  shows  ihe  results  from  the  HPLC  analysis  after  30  minutes 
of  reaction  in  the  microemulsion  system.  As  can  be  seen,  monoolein  and 
diolein  are  produced,  but  no  triolein.  This  is  very  difTereni  from  the 
monolayer  experiment  in  which  23%  (w/w)  uiolein  and  18%  (w/w)  diolein 
were  produced,  but  no  moDoolein.  Evidently,  there  is  a fundamental 
difference  between  microemuisions  and  monolayers  as  reaaion  media  for 

surfactant  (as  no  surfactant  besides  the  substrate  was  used  in  these 
experiments).  The  main  reason  why  triglycerides  do  not  form  in  the 
mictoemulsion  milieu  is  that  the  diglyceride  is  too  lipophilic  and  has  too  low 
surface  activity  to  stay  at  the  oil-water  interface.  Once  formed,  diglyceride 
will  partition  into  the  hydrocarbon  domain,  whereas  diglyceride  remains  at  the 
air-water  interface  in  the  case  of  the  monolayer  experiments.  The  results 

the  interface  is  a rapid  process  compared  with  lipase  catalyzed  esterification 
to  form  triglyceride.  Also,  the  monoglyceride  formed  is  a lipophilic  species 
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aad  will  partition  mainly  into  the  hydrocarbon  domain  and  explains  the  low 
yield  of  diglycerides  in  the  microemulsion  experiments. 

The  monolayer  situation  is  very  different.  Diglyctride  formed  has  no 
other  choice  than  to  stay  at  the  air/water  interface,  The  suggested  difference 
in  inierfacial  behavior  is  shown  schematically  in  Figure  5.10.  In  addition,  the 
static  nature  of  the  air/water  interface  must  constitute  an  ideal  reaction  tone 
for  triglyceride  synthesis  because  of  acyl  migration  from  1(3)  position  to  2 
position  and  further  esierificaiion  at  1(3)  position.  Formation  of  three 
consecutive  ester  bonds  to  glycerol  at  this  interface  must  he  a much  less 
complicated  event  than  the  corresponding  process  at  the  highly  dynamic 
interfaces  in  microemulsions.  As  seen  in  Chapter  4,  the  HPLC  analysis  of 
samples  from  stearic  add  monolayers  indicated  the  presence  of  trisiearin 
{32.6%).  Monosteaho  (55.7%).  and  stearic  acid  (11.7%),  whereas  sample  from 
microemulsion  indicated  the  presence  of  monosiearin  (12.4%),  disiearin 
(21.0%),  and  stearic  acid  (66.6%).  In  contrast  to  stearic  add  monolayers,  no 
trisiearin  was  formed  in  microemulsions.  It  is  mainly  due  to  the  dynamic 
nature  of  oil/water  interface  of  microemulsions.  The  absence  of  distearin  in 
the  product  from  stearic  acid  monolayer  is  due  to  very  low  area  per  molecule 
of  stearic  add  as  compared  to  the  area  per  molecule  of  oleic  odd.  which 
favored  more  acyl  migration  in  case  of  stearic  add  monolayer. 

in  summary,  our  results  indicate  that  enzymatic  synthesis  in  monolayers 
is  indeed  possible  at  high  water  content  as  compared  to  microemulsions. 


123 


The  monolayer  situation: 


The  microemulsion  situation: 
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Monolayers  are  more  favorable  for  percent  conversion  of  fatty  acid  into 
glycerides  as  compared  to  other  systems  such  as  microemulsions  or  aqueous 
solutions.  Moreover,  the  concentration  of  the  substrate  can  be  varied  with 
surface  pressure  in  monolayers.  We  also  observed  that  di-  and  triglyceride 
were  the  major  products  in  oleic  acid  monolayers,  whereas  mono-  and 

formulation  of  microemulsion  can  solubilize  4S  • 50%  of  the  dispersed  phase 
and  almost  20%  of  the  oil-soluble  substrate  (fatty  acid).  Therefore,  it  has 
great  potential  for  industrial  application  because  major  draw  bock  for  AOT 
stabilized  microemulsions  is  very  low  oil-soluble  substrate  conceatration. 


CHAPTER  6 

ESTERinCATION  IN  FOAMS 
6.1  Inirciduciion 

Ai  we  saw  in  Chapters  4 and  5.  the  synthesis  in  monolayers  is  indeed  possible, 
hut  this  route  is  good  only  for  studies  on  the  iaboraiury  scale.  Although  monolayers 
and  foams  have  the  same  air/waier  interface,  foam  has  a very  large  interfacial  area 
as  compared  to  the  monolayer.  So.  synthesis  in  foams  has  the  potential  for 
commerdaiiaation.  In  addition,  foam  is  a solvent-free  and  surfactant  or  cosurfactant 
free  system,  so  it  overcomes  various  limitations  imposed  if  the  products  are  intended 
foruse  as  food,  cosmetic,  or  pharmaceutical  additives.  Nowadays  attempts  have  been 
made  to  develop  environmentally  safe  processes  for  tbe  production  of&ne  cbemicals. 
To  that  eod  Kim  et  al.  [202]  have  reported  enzymatic  synthesis  by  dispersion  of 
capric  acid  and  water  in  a surfactant  free  system.  In  Ibis  surfactant-free  system,  a 

presence  of  lipase.  The  products  obtained  by  this  system  were  similar  to  those 
obtained  by  the  waier-in-oii  mictoemulsion  system,  i.e..  large  amounts  of  diglyceride 
and  small  amounts  of  monoglyceride  and  triglyceride.  As  they  increased  the  chain 
length  of  the  fatty  acid,  the  yield  of  products  from  aqueous  dispersion  decreased 


aticaJly  [202]. 
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6.2  Expen'menial  Procedure 

Because  enzymaiic  synihesis  in  foam  U a salveni  and  surfactant-free  system, 
il  is  also  an  environmentally  safe  process.  Wiib  Its  large  inierfaclal  area,  foam  Is 
Ideal  for  the  esterification  of  glycerol  and  fatty  acid.  In  this  study,  stearic  acid  was 
used  as  the  foaming  agent  as  well  as  a reacianc  A glass  column  was  filled  with  a 
mixture  of  30  ml  of  double  disuUed  water  and  glycerol  (1:1  v/v).  Stearic  acid  (0.2 
g.  99%  pure)  was  dissolved  in  4 ml  of  chloroform,  then  added  into  the  columru 

be  generated  by  the  direct  addition  of  stearic  add.  Air  was  blown  at  a high  flow-rate 

process  avoids  lipase  inhibition  by  chloroform  [203|.  A 0.2  ml  solution  of  Lipozyme 
was  added  into  the  column.  The  enzyme  caialyusihe  esterification  reaction  as  well 
as  increases  the  foam  height  in  the  column.  Air  was  blown  continuously  during  the 
reaalon  at  a very  low  Qow  rate  to  maintain  a large  foam  volume  (Figure  1.6), 
Samples  were  taken  during  the  reaction,  and  mixed  immediately  with  a mixture  of 
iso-ociane  and  2-prapanol  (4:1.  v/v)  in  order  to  stop  the  reaction. 

6.3  Results  and  Discu-Lsinn 

A normal  phase  HPLC  was  used  to  analyze  the  reaction  products  at  various 
time  intervals.  The  silica  column  and  the  mixture  of  iso-octane  and  2-propanol 
(96:6.  v/v)  as  eluent  were  used  at  room  temperature.  The  results  are  shown  in 


■6.1.  The 


, of  triglyceride 


127 


representation  of  thin  Sim  of  foam  before  and  after 
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and  diglyccride,  20%  and  SS%  (by  weigbi),  respeaively.  This  result  is  similar  to  that 
found  in  esterification  in  monolayers  in  Chapter  5.  whereas  products  from  the 
water-in-oil  microemulsions  are  mono^ycerlde  and  diglyceride.  The  differences  in 
products  from  the  three  media,  namely  foams,  monolayers,  and  microemulsions,  can 
be  explained  on  the  basis  of  the  two  phase  model  proposed  by  Verger  |189].  In  this 
model  the  first  step  is  the  penetration  of  the  water-soluble  ensytne  into  the 
monolayer.  The  second  step  is  the  formation  of  an  enzyme-substrates  complex  at  the 
air/water  interface.  In  the  catalytic  step,  the  product  Is  formed  and  the  enzyme  is 
regenerated.  If  the  product  is  water  soluble,  it  will  migrate  into  the  aqueous  phase, 

product  will  remain  at  the  interface,  in  the  case  of  the  air/svater  interface,  resulting 
in  acyl  migration  from  the  1(3)  to  the  2 position  and  further  reaction  at  (he  1(3) 
position  (in  case  of  both  foams  and  monolayers)  resulting  in  ihe  formaiion  of 
triglycerides.  Acyl  migration  is  a serious  problem  in  monolayers  |I78!.  Deveer  et 
al.  has  used  synthetic  pseudogiycerides  to  avoid  acyl  migration  for  the  kinetic  study 
ofliposein  monolayers  [I78|.  On  the  other  hand,  the  produa  svill  paniiion  into  (he 
oil  phase  in  the  case  of  an  oil-water  interface  (microemuisions).  Figure  6.2  shows 
Ihe  expanded  thin  film  before  and  after  Ihe  esterification.  The  molecules  of  stearic 
acid  at  the  interface  make  a complex  with  lipozyme  and  then  react  with  glycerol  to 

diglyceride  because  the  enzyme  is  1(3)  specific,  but  in  the  long  run.  due  to  acyl 
migration,  further  reaction  takes  place  and  hence  triglycerides  are  formed.  Also,  the 


ReiclioQ  tlai«  (bouri) 


Figure  6^  HPLC  analysis  of  products  from  foam  with  time. 
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amouni  of  diglyceride  increases  as  the  reaction  time  increases  before  the  reaction 
reaches  the  equilibrium  state  os  shown  in  Bgure  6.1.  We  also  carried  out  the 
reaction  in  the  column  without  air  flow.  Because  there  was  no  signiftcaoi  change  in 
the  concentration  of  stearic  acid  after  3 hours,  it  appears  that  foaming  is  essential  to 
produce  diglyceride  and  triglyceride. 

interface,  yielded  products  in  different  proponiom  from  those  produced  in 
water-in-oil  microemulsions.  In  foam  the  reaction  produced  large  amounts  of 
diglyceride  (SS  wt%)  as  well  as  triglyceride  (20  wt%),  whereas  the  reaction  in 
microemulsions  produced  large  amount  of  diglyceride  (SDwt91i).  Because  the  large 
air/water  interface  at  which  the  reaction  takes  place,  this  reanion  using  foam  could 
be  employed  for  large  scale  production  of  di*  and  triglycerides  by  the  enzyme  without 
using  solvents  or  surfactants. 


CHAPTER? 

OXIDATION  OF  UPID  MONOLAYERS 
7.1  IniroduCTion 

The  ondaiion  of  in&olubte  monolayers  by  aqueous  potassium  permanganate 
solutions  has  been  studied  by  many  Invesligaiois  (2(W-2n|  by  measuring 
simultaneously  tbe  time  dependence  of  the  apparent  molecular  area  and  the  surface 
pressure.  They  found  that  as  one  spreads  a monolayer  on  the  aqueous  permanganate 
solution,  the  oxidation  of  the  monolayer  and  evaporation/soiubilizaiion  of  the  solvent 
occur  simultaneously,  which  affects  the  area/surface  pressure  at  the  very  beginning 
of  oxidation.  Because  of  this,  in  the  present  study,  the  KMnO,  solution  was  Injected 
under  the  monolayer  after  compressing  it  to  the  desired  surface  pressure. 

It  has  been  reported  [210]  that  the  intermediate  products  formed  during  the 
cleavage  of  double  bonds  contain  cis-epoxy  groups.  Because  some  of  the  products 
after  oxidation  are  insoluble  in  water,  the  surface  potential  of  the  monolayer  is 
considered  to  be  a more  reliable  parameter  to  predict  the  rale  of  the  oxidation 

Oxidation  of  unsaiurated  monoglycerides,  diglycerides,  and  triglycerides  is 
responsible  for  rancidity  in  oil  containing  products.  The  effects  of  various 
monoglycerides  and  diglycerides  on  the  oxidative  stability  of  soybean  oil  has  been 
investigated  by  rates  of  disappearance  of  headspace  oxygen  in  purified  oils  containing 
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0.0,  0.25.  and  0.5%  monosiearin.  disteorin.  monolinolein  or  dillnolein  [212].  The 
monoglycerides  and  diglycerides  act  as  pronxidants  in  soybean  oil,  bui  the  mechanism 
of  this  effect  was  not  delineated.  In  this  study,  we  present  the  effect  of  the  number 
of  double  bonds  and  the  initial  surface  pressure  on  the  oxidation  of  monogiycerides 
(monoolein,  monolinolein),  di^ycerides  (diolein,  dilinoleio).  and  triglycerides 
(triolein,  irilinolein), 


Lipid  solutions  were  prepared  in  a mixed  solvent  system  containing 
chlorofortn-meihanol-hexane  (1:1:3)  of  spectroscopic  grade.  The  surface  pressure 
and  surface  potential  of  lipid  monolayers  were  measured  on  a 0.02  M NaO 
subsoluiioo  at  2S°C  and  a pH  of  6-7  as  described  elsewhere  [187].  At  various  initial 
surface  pressures.  5 ml  of  KMnO,  solution  (1  mg/ml)  in  0.02  M NaQ  was  injected 
under  the  monolayer,  resulting  in  a final  concentration  of  12.5  pgm  of  KMnO^  per 
ml  of  subsolution.  Fresh  subsoluiion  (5  ml)  was  removed  after  Injeaing  the  KMnOi 
solution  in  order  to  maintain  the  same  air  gap  for  surface  potential  measurements. 

the  length  of  the  trough  at  slow  speed.  The  surface  tension  and  surface  potential 
with  respect  to  time  were  measured  after  carrying  out  the  initial  stirring. 

The  surface  shear  viscosities  of  these  lipids  were  measured  using  a deep 
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(213-216].  la  the  deep-channel  surface  viscometer,  the  channel  walls  are  siaiionaiy, 
concentric  cylinders:  the  floor  of  the  viscometer  moves  with  a constant  angular 
velocity.  A small  Teflon  particle  was  placed  at  the  interface  to  determine  the  center 
line  veloci^.  then  the  time  for  the  particle  to  complete  a rotation  was  recorded.  Each 
experiment  was  repealed  five  times  and  the  average  velocity  of  the  particle  was  used 
to  calculate  the  surface  shear  viscosity  [215.216].  The  surface  pressure  was  measured 
in  the  surface  viscometer  at  the  beginning  os  well  as  at  the  end  of  the  experiment  to 
establish  that  the  monolayer  did  not  dissolve  in  the  subsolution. 


73.1  Oxidation  of  Monoolein  and  Monolinolein  Monolayers 

Figure  7.1  shows  the  tt-Area  and  4V-Aiea  curves  for  monoolein  and 
monolinolein.  The  area  per  molecule  of  monoolein  (26  A’)  was  greater  than  that  of 
monolinolein  (24  A’),  which  is  consistent  with  their  molecular  structures  and  agrees 
with  values  in  the  literature  [217].  Monoolein  has  a double  bond  at  C,  whereas 
monolinolein  has  two  double  bonds  at  C,  and  C,]  positions.  The  second  kink  at  the 
Cl}  position  in  monolinolein  allows  the  molecule  to  cover  less  area  as  compared  to 
monoolein  as  shown  in  Figure  12.  Both  the  surface  pressure  and  surface  potential 
decreased  with  time  in  the  cose  of  monooiein  and  monoiinolein  after  the  addition 
of  KMnO,  solution  (Figure  73  & 7.4).  This  is  due  to  solubility  of  glycerol 
-l-o-nonanoic  acid  and  short-chain  fatty  adds  formed  in  monoolein  and 


monolinolein. 
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Figure  7.1 


sleiu  and 
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interface. 


ilhe  air/v 
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Figure  12  Effect  of  KMnO,  solution  on  the  surface  pressure  of  monoolein  and 
monoUnoiein  monolayem. 
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Effect  of  KMaOj  soluUoD  on  tbe  surface  potential  of  i 
monolinolem  monolayers. 
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Both  parameKrs  decreased  more  stiarply  in  Ihe  case  of  monoUnolein  compared  with 
cnonooleln  ai  ihe  same  initial  surface  pressure.  This  may  be  due  to  the  st>lubil!ty  of 
short-chain  acids  produced  by  osidaiion  (malonic  acid  and  heaanoic  acid)  in  the 
monoUnolein  monolayer  whereas  nonanoic  add  formed  in  the  monoolein  monolayer 
is  less  soluble  than  malonic  acid  and  heaanoic  acid.  At  higher  initial  surface 
pressure,  the  surface  pressure  and  the  surface  potential  decreased  more  rapidly 
(Figure  13  and  7.4).  This  is  presumably  due  to  the  increased  desorption  rate  of  the 
short  chain  acids.  These  results  show  that  monoolein  and  monoUnolein  react  even 
at  high  surface  pressure  (35  dynes  cm'').  This  may  be  due  to  the  presence  of  the  cis 

producing  -OH  groups. 

7J.2  Oxidation  of  Diolein  and  Dilinolcin  Monolayers 

The  a-Area  and  A V-Area  curves  for  diolein  and  diiinolein  are  shown  in  Figure 
7.5.  The  areas  per  molecule  of  diolein  and  dilinaleis  are  53  A’  and  49  A’ 
respeaively.  In  the  case  of  diiinolein.  when  KMnO,  solution  is  injected  under  the 
monoiayer,  the  surface  pressure  increases  (Figure  7.6)  but  its  surface  potential 
decreases  (Figure  7.7)  at  low  initial  surface  pressure.  This  means  that  oxidation  is 
taking  place  but  the  product,  glycerol- U-o-nononoic  acid,  a product  is  not  dissolving 
in  the  subsolution  due  to  its  two  acyl  chains,  which  results  in  an  increase  in  surface 
pressure  (Figure  1.1).  However,  the  surface  pressure  and  surface  potential  are 
almost  constant  when  KMnO,  solution  is  injeaed  at  a surface  pressure  of 
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Figure  7.6  KMnO^  solution  on  the  surface  pressure  of  dioleln  and 
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Figure  7.7  Effect  of  KMDO4  solution  on  tbe  surface  potential  of  diolein  and 
dilinolein  monolayers. 
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20  dynes  cm''  indicating  that  there  is  no  oxidation  taking  place  at  that  surface 

surface  pressure  and  the  double  bond  U not  accessible  to  the  KMnOj  in  the  water. 
!f  indeed  this  is  the  case,  diolein  should  have  not  reacted  at  a surface  pressure  lower 
than  for  dilinoleio  because  diolein  has  only  two  double  bonds  per  molecule.  It  is 
evident  from  Figure  7.6  that  at  10  dynes  cm''  there  is  a sli^l  increase  in  surface 
pressure.  The  surface  poteoiial  for  dioleio  at  an  initial  surface  pressure  of  20  dynes 
cm  ' is  constant  and  the  surface  potential  at  an  initial  surface  pressure  of  10  and  IS 
dynes  cm''  inaeases  and  reaches  at  same  surface  potential,  as  is  obtained  when  the 

number  of  electric  dipoles  is  the  same  for  all  monolayers  regardless  of  their  initial 
surface  pressures.  The  results  also  suggest  that  the  formation  of  cis-epoxy  groups  in 
diolein  molecules  at  low  surface  pressures  is  taking  place,  which  increases  both  the 
surface  pressure  as  well  as  surface  potential  of  the  monolayer  (Figure  7.6  and  7.7) 
|2I0j. 


The  areas  per  molecule  of  inoiein  and  Irilinolein  are  80  A'  and  76  A' 
respectively  (Figure  7.8)  1218).  For  irilinolein.  when  KMn04  solution  is  injected 
under  the  monolayer  at  neS  dynes  cm*',  the  surface  pressure  increased  but  the 
surface  potential  decreased  slowly  at  low  initial  surface  pressure.  At  high  surface 


pressure  (it=  10  dynes  cm''), 


; observed  (Rgure  7.9  and  7.10). 
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Area/molecule  (A') 


area  curves  of  iriolein  and  trilinolein  uioaolayers. 


Figure  7.8 


ad  4V-a 


Tlmo  (Min.) 


Figure  7.9  EETea  of  KMnO,  solution  on  the  surges  pressure  of  triolein  and 
trilinoleio  monolayers. 


I4S 


Tlm«  (Miti.) 


Figure  7.10  Effect  of  KMnO,  solution  on  the  surface  potential  of  moleiu  and 
trilinolein  monolayers. 


Trilinolein  oxidized  and  glyeerol-1.2J-o-nonanoic  acid  remained  at  (lie  surface:  (his 
requires  more  area  (han  for  (he  iniinolein  molecule  due  to  (hree  carboxylic  groups 
as  shown  in  Figure  12.  At  a high  initial  surface  pressure,  trilinolein  molecules  are 

anchoring  on  (he  water  surface.  Similar  results  are  shown  using  tnolein.  but  changes 
are  less  pronounced  because  (riolein  has  only  three  double  bonds  per  molecule  as 
compared  with  six  in  trilinolein. 

7.3.4  Surface  Viscosity  and  Oxidadon  of  Lioid  Monolavets 

The  surface  viscosity  of  lipid  monolayers  provides  useful  Information  about 
(he  interaction  of  polar  groups  with  (he  subsolution  as  well  as  molecular  Interactions 
in  the  monolayer.  The  surface  shear  viscosity  of  the  monolayer  increases  as  the 
inieraaionf  or  anchoring)  of  (he  polar  group  wi(h  (he  subsolution  inaeases  (e.g.  the 
surface  shear  viscosity  of  monoolein  is  higher  than  that  of  diolein  (Table  7.1)).  The 
surface  shear  viscosity  also  increases  as  the  chain-chain  interactions  increase  (e.g. 
dilinolein  has  a higher  surface  viscosity  than  diolein  (Table  7.1).  If  we  compare  the 
surface  shear  viscosity  (Table  7.1)  with  the  KMnOj  induced  oxidation  rate  of 
monoglycerides  (Figure  7.4).  diglycerides  (Figure  7.7)  or  triglycerides  (Figure  7.10), 
it  is  evident  that  the  presence  of  iinoleic  acid  chains  increases  the  surface  shear 
viscosity  as  well  as  the  oxidation  rate  of  the  glycerides,  compared  with  the  oleic  acid 
chains.  This  supports  our  e.tplanation  that  both  the  surface  viscosity  and  the  oxidation 
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Table  7.1  Surface  shear  viscosity  of  lipid  moROlayers  ai  a surface  pressure  of  10 


10^  P 


Dilinolein 

Monolinolei 


Diolein 

Triolein 


9.614 

7.447 

6.149 

4.697 

3.405 

2.760 


IS'C 


In  summary,  the  results  of  these  studies  on  monoglycerides,  diglycerides  and 
triglycerides  indicate  that  the  rates  of  oxidation  of  dilinolein  and- monolinolein 
monolayers  are  significantly  high  compared  with  those  of  the  other  lipid  monol^rs. 
Monoolein  and  monolinolein  monolayers  even  react  at  hi^  surface  pressure  (35 
dynes  cm'‘).  Both  the  rate  of  the  oxidation  reaction  in  the  monolayer  and  the  surface 
shear  viscosity  of  the  monolayer  are  functions  of  the  lipid  structure  and  of  their 
interaction  with  each  other  as  well  as  with  the  monolayer.  The  oxidation  rate  based 
on  dV  and  n were  as  follows 

dilinolein  > monolinolein  > monoolein  > irilinolein  > dioiein  > triolen. 

The  surface  viscosities  of  the  monolayers  of  above  lipids  also  were  in  the  same  order 
as  those  of  the  oxidation  rate. 


CHAPTER  8 

CONCLUSIONS  AND  RECOMMENDATIONS 
FOR  THE  FUTURE  RESEARCH 

8.1  Lipase  Catalyzed  Esierificaiion  in  MicTpemulsions 
The  synihesis  reaction  was  found  to  be  opiinnim  ai  0.64  mole  fraction  of 
glycerol  to  water  because  additional  water  shifts  the  equilibrium  towards  hydrolysis. 
The  conversion  increases  with  chain  length  (from  hesane  to  hesadecane)  after  one 

of  fatty  acids  into  glycerides  increased  with  increased  fatty  acid  chain  length.  A 
maximum  equilibrium  percent  conversion  at  1;I  molar  ratio  of  oleic  acid  to  glycerol 
was  observed.  A maximum  conversion  of  84%  was  found  in  the  case  of  linoleic  add. 
80%  for  linolenic  acid.  71%  for  oleic  acid,  and  33%  for  stearic  add  The  HPLC 
analysis  showed  the  presence  of  monoglycerides  and  diglycerides  but  no  triglyceride 
in  the  products  from  AOT  stabilized  water-in-oil  microemulsions. 

Because  the  new  formulation  of  sodium  oleate  stabilized  microentulsion  can 

substrate,  it  has  great  potential  for  industrial  application  because  It  does  not  have  the 
major  drawback  of  AOT  stabilized  microemulsions,  namely  very  low  oil-soluble 
substrate  concentration.  Funher  research  is  needed  to  improve  the  esterification  in 
this  new  microemulsion  systems  andvarious  parameter  should  be  checked  to  improve 
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micrnemuUion  having  large  amounts  of  glycerol.  The  pceseni  microemulsion 
coniainecJ  9.1  perceni  water  by  weight  The  amounts  of  water  should  be  deaeased 
in  future  microemulsions  to  shift  the  equilibrium  favorable  to  the  esterification. 
Other  parameters  like  the  amounts  of  i-butanol,  the  pH.  and  the  temperature  also 
should  be  monitored  to  improve  reaction  kinetics. 

This  microemulsion  presents  a new  direaion  for  organic  reactions  in 
microemulsions.  For  organic  reactions  having  poiar  and  nonpolar  subsiraies.  oil 
water  interface  of  microemulsion  could  be  stabilized  with  a nonpolar  substrate  or  a 
salt  of  nonpolar  substrate.  This  would  remove  the  separation  problem  found  in 
commonly  used  surfactants  employed  to  form  microemulsions. 

The  kinetics  analysis  of  AOT  stabilized  microemulsion  fits  well  to  the 
Michaeiis-Meaien  equation.  A comparison  of  kinetic  values  of  esierificaiion  reaction 
in  AOT  microemulsion  with  the  esterification  reaction  in  a miaoemulsion  stabilized 
with  sodium  oleaie/oleic  add  could  show  the  usefulness  of  this  new  microemulsion 
systems.  A kinetic  analysis  of  the  reacdon  in  sodium  oleate  stabilized  microemulsion 
might  not  fit  into  the  Michaelis-Menien  equadon  because  the  oil-water  interface  in 
this  instance  has  large  amounts  of  oleic  acid,  while,  In  the  AOT  stabilized 
microemulsion.  oleic  acid  concentration  at  the  oil-water  interface  is  very  low.  Thus, 
the  analysis  of  reaaion  kinetics  in  these  microemulsions  may  delineate  the  nature  of 
microemulsions  in  these  two  systems. 


Our  results  indicate  that  enzymatic  synihesis  in  monolayers  is  indeed  possible 
at  higher  water  content  os  compared  to  microemulsions.  Monolayers  ate  mote 
(avorable  for  percent  conversion  of  fatty  acid  mto  glycerides  as  compared  to  other 
systems  such  as  miaoemulsions  or  aqueous  solutions.  Moreover,  the  concentration 
of  the  substrate  at  the  air'Warer  interface  can  be  varied  with  surface  pressure  in 
monolayers.  We  also  observed  that  mono-  and  triglyceride  were  the  major  products 
in  stearic  acid  monolayers,  and  di-  and  triglyceride  were  major  producu  from  oleic 
acid  monolayers,  whereas  mono-  and  diglyccride  were  the  predominant  products  in 
microemulsions  having  stearic  acid  or  oleic  acid  as  substrate. 

More  detailed  espetimenis  are  required  to  elucidate  the  esierirtcaiion 
mechanism.  Synihesis  using  monolayers  as  reported  in  this  research  opens  a new 
Qeld  of  study  for  other  synthesis  reactions  in  monolayers,  which  would  mimic  various 
kinds  of  synihesis  in  the  human  body.  The  results  reported  here  show  that  the 
products  from  a monolayer  system  are  different  from  those  in  a microemulsion. 
Various  parameters,  like  the  number  of  double  bonds  in  a fatty  acid,  a mixture  of 
saturated  and  unsaluraied  fatty  acids  and  a mixture  of  cholesterol,  or  unsatumied 
fatty  acid,  should  be  studied  for  esterification  reaction.  The  effea  of  enzyme  on 
monolayers  of  monoglycerides  and  diglycerides  having  saturated  and  unsaiu rated  fatty 
acid  chains  should  be  studied  to  dellueaie  the  acyl  migration  and  esterification. 
These  studies  would  correlate  the  effects  of  the  state  of  the  film  (e.g.  solid,  liquid 
etc.)  with  the  kinetics  of  esterification  reaciioa  Similarly,  the  hydrolysis  of  saturated 
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and  unuiuraied  glycerides  in  the  presence  of  cholesterol  should  be  relevant  to  the 
behavior  of  fat  in  the  human  body. 

KA  Esieriticaiion  in  foam 

The  esieriflcaiion  reactions  in  foam,  which  invoive  the  air/water  interface, 
yielded  products  in  different  proportions  from  those  produced  In  water-in-oll 
microemulsions.  In  foam  the  reaction  produced  large  amounts  of  diglyceride  (55 
vn%)  as  well  as  triglyceride  (20  wt%).  whereas  the  reaaion  in  microemulsions 
produced  large  amount  of  digiyceride  (50  wi%).  The  products  obtained  from  a 
reaction  in  the  foams  were  similar  to  those  in  monolayer.  e.g.,  diglyceride  and 
triglyceride.  Because  the  large  air/water  interface  at  which  the  reaction  takes  place, 
this  reaction  using  foam  could  be  employed  for  large  scale  produedon  of  digiyceride 
and  triglycerides  by  the  enzyme  without  using  solvents  or  surfactants. 

Lipase  catalyzed  esterification  reaction  in  foams  is  very  promising.  Reactions 
in  foams  open  a new  and  potentially  good  route  for  commercial  scale-up.  A detailed 

of  products.  The  kinetic  analysis  of  the  reaction  in  foam  would  be  very  nice  to 
compare  vriih  other  systems  like  microemulsions,  monolayers  and  aqueous  micellar 


REFERENCES 


D.  SwiiRi.  ediior.  Bailey's  Indusuial  Oil  and  Fal  Pioducts.  John  Wiley  and  Sons, 
New  York,  I9S4. 

L. H.  Meyer.  Food  Chemisity.  Reiiihold  Publishing  Corp  . New  York.  I960. 

F.  D.  Guiraone  and  F.  A Noms.  Lipids  in  Foods:  Chemisity,  Biochemistiy,  and 
Technology.  Pergamon  Press,  Oxford,  UK..  1983. 

B.  Idson.  In  M.  M.  Rieger,  editor.  Surfacunis  in  Cosmeiios:  Surfactant  Science 
Series,  Vol.  6,  pages  1-23.  Marcel  Dekker.  Inc.,  New  York,  I98S. 

S.  L.  Neldman.  lo  M.  J.  Rosen,  editor,  Surfectanls  in  Emerging  Technologies: 
Sutfaclanl  Science  Series,  Vol.  26,  pages  131-144.  Marcel  Dekker.  New  York,  1987. 

B.  Cambouand  A M.  Klibanov.  Biotechnology  and  Bioengineering,-26: 1449-1454, 
1984. 

C.  Langrand.  J.  Baralli.  C.  Buono,  and  C.  Trianiaphylides.  Tetrahedron  Letters, 
27:29-32.  1986. 

M.  Millelbach  Journal  of  Ihe  American  Oil  Chemists' Society.  67:168-170,  1990. 

N.  Krog  and  J.  B.  Lauridsen.  In  S.  Friberg.  editor.  Food  Emulsions,  pages-67-I39. 
Marcel  Dekker,  Inc.,  New  York.  1976. 

F.  ILBensoa  Polyol  surtactanls.  In  M.  J.  Schick,  editor.  Surfactant  Science  Series, 
Vol.  1.  pages  247-299.  Marcel  Dekkar.  New  York.  1967. 

J.  E.  Bailey  and  D.  F.  OIIIs.  Biochemical  Engineering  Fundamentals.  McCraw-Hil], 
New  York  second  edhioa  1986. 

J.  S.  Dordick.  editor.  Diocalalysis  for  Industry.  Plenum  Press,  New  York,  1990. 
A R.  Macrae,  iourrtal  of  the  American  OU  Chemists' Socieiy,  60:291-294.  1983. 
B.  Bergstrom  and  H.  L.  Brockman,  editors.  Lipases.  Elsevier.  Amsierdant,  1984. 


152 


I S3 

K.  L.  Brockman  In  B.  Borgstrom  and  H.  L.  Brockman,  editors  Upases,  pages  3- 
•16.  Elsevier.  Amsierdam.  1934. 

T.  Kaimal  andM.  Saroja.  Biotechnology  et  Biophysics  Acta.  999:331-334,  1989. 

V T.  John  and  G.  Abraham.  In  J.  S.  Dordick,  editor,  Biocatalysis  for  Industry. 
Plenum  Press,  New  York,  1 990. 

E.  W.  Seitz.  JounialoflheAmeiioan  Oil  Chemists' Society,  31:12-16,  1974. 

R.  E.  Burlier  and  P.  Brecher.  Journal  orBiological  Chemistry,  238:12043-12030, 
1983 


A.ZaksandA  M.  Klibanov.  Science,  224:1249-1231.  1984. 

A.  Zaks  and  A.  M Klibanov.  Proceedings  ofthe  National  Academy  of  Sciences  of 

the  U.S.A..  82:3192-3196,  1983. 

J.  S.  Dordick.  Enzyme  and  Microbial  Technology,  11:194-211, 1989. 

J.  Chopineau,  F.  D.  McCaflerty,  M.  Therisod,  and  A.  M.  Klibanov.  Biotechnology 
and  Bioengineering,  31:208-214.  1988. 

G.  Kirchoer.  M P Scollar,  and  A.  M.  Klibanov.  Journal  ofthe  American  OBrial 
Society  107:7072-7076.  1983. 

T.  Yamane,  T.  Ir^ryu.  M.  Nagata,  A.  Ueno.  and  S.  Shimizu.  Biotechnology  and 
Bioengineering,  36:1063-1069, 1990. 

M.  Goldberg,  F.  Parvaresh.  D.  Thomas,  and  M.  D.  Legoy.  Biochimica  el  Biophysics 
Acta,  937:359-362,  1988. 

C.  Langrand,  C.  Triantaphylides,  and  I.  Baratli.  Bioiechnology  Letters,  10:349-334, 
1988. 


T.  Nisiko  and  M.  Kamintura  Agricultural  and  Biological  Chemistry,'32:2631-2632, 
1988. 


T.  Nishio,  M.  Kamimura,  M.  Murata,  Y.  Terao,  and  K.  Achlwa  Journal  of 
Biochemistry.  104:681-682.  1983 

P.  Cesii,  A.  Zaks,  and  A M.  Klibanov.  Applied  Biochemistry  and  Biotechnology, 
11:401-407.  1985. 


154 


31.  A.B.Hajjar.P  F.  Nicks,  and  C.  J.  Knowles.  Biotechnology  Le(ler9,-12:825-S30, 
1990. 

32.  A.  L.  Margolin.  J.  Y.  Crenne,  and  A.  M.  Klibanov.  Tetrahedron  Letters,  28:1507- 
1510, 1937 

33.  T.  Tanaka,  E.  Ono,  M.  Ishihara,  S.  Yaxnanaka,  and  K.  Takinami.  Agricultural  and 
Biological  Chemistry,  45:2387-2389.  1981. 

34.  C.  P.  McNeil,  S.  Shimizu,  and  T.  Yamane.  Journal  of  the  American  Oil  Chemists' 
Society,  58:1-5, 1991. 

35.  G.  P.  McNeU  and  T.  Vamane.  Journal  of  the  American  Oil  Chemists'  Society,  58:5- 
10, 1991. 

36.  G.  Kirchner,  M.  P.  Scollar,  and  A.  M.  Klibanov.  Journal  of  the  American  Chemical 
Society.  107:7072-7076,  1985. 

37.  M.  Therisod  and  A.  M.  Klibanov  Journal  of  the  American  Chemical  Sodety. 
108:5638-5540,  1986. 

38.  A.  Ajima.  T.  Yoshimolo,  K.  Tokahashi,  Y.  Tamaura.  Y.  Soito  and  Y.  Inada. 
Biotechnology  Letters,7:303-306, 1985. 

39.  Y.  Inada,  H.  Nishimura,  K.  Takahashi,  T.  Yoshimolo,  A.  R.  Saha,  and  Y.  Salto. 
Biochemical  and  Biophysical  Research  Communications,  122:845-850,  1984. 

40.  M.  Kawase  and  A.  Tanaka  Biotechnology  Uners,  10:393-396,  1938. 

41.  B.  Gillies,  H.  Yamazaki,  and  D.  W.  Armstrong.  In  C.  Laane,  J.  Trtunper,  and  M. 
LiQy,  editors.  Blocetolysis  in  Organic  Media,  pages  227-232.  Elsevier,  Amsterdam, 
1987. 

42.  K.  Takahashi,  Y.  Tamaura  Y.  Kodera  T.  Mihoma  Y.  Saito.  and  Y Inada. 
Biochemical  and  Biophysical  Research  Communicationa  142:291-296,  1987. 

43.  F.  X Malcata  H.  R Reyea  H S.  Garcia  and  C.  G.  HiU.  Ir.  Journal  ofthe  American 
Oil  Chemists'  Society,  67:890-910, 1990. 

44.  H.  Godetis,  G.  Ampe,  M.  Feyien,  B.  Fouwe,  W.  Guflena  S.  V.  Cauwetdsergh,  and 
P Tobback.  Biotechnology  and  Bioengineering,  30:258-265, 1987. 


155 

45.  R.  Schuch  and  K.  D.  Mukheijea.  Journal  of  Agricullure  and  Food  Chemistry, 
3S;100S-1008,  1987, 

46  S.  Bloomer.  P.  Adlerereinz,  and  B.  Malliasson.  Journal  of  the  Americal  CXI  Chemists’ 
Society,  67:519-524,  1990. 

47.  M.  J.  Hills,  1.  Kiewiit.  and  K.  D.  Mukheijee.  Biochemical  Society  Transaaions.  page 
478, 1989. 

48.  C.  Marlot,  C.  Langiand.  C.  Ttianiaphylides.  and  J Baralti.  Biotechnology  Leliers. 
7:647-650.  1985. 

49.  A.  M.  Klibanov  and  B Cambou.  In  K.  Mosbach,  editor.  Methods  in  Enzymology, 
Vol.  136:  ImmoWIaed  Enzymes  and  Cells,  Part  C,  pages  1 17-137.  Academic  Press. 
Orlando.  1987. 

50.  J.  F.  Shaw  and  E.  T.  Liaw.  In  C.  Laane,  J.  Tramper.  and  M.  Lilly,  editors. 
Biocatalysis  in  Organic  Media,  pages  233-239.  Elsevier,  Amsterdam.  1^7. 

51.  T.  T.  Hansen  and  P.  Eigtved.  In  A.  Baldwin,  editor.  Proceedings  of  the  World 
Conference  on  Emer^g  Technologies  in  the  Fats  and  Oil  Industry,  pages  365-369, 
Cannes,  France,  November  1985.  American  Oil  Chemists’  Soaety. 

52.  A.  Ison,  P.  Dunnill,  and  M.  Lilly.  Enzyme  and  KCcrobial  Technology, -10:47-51, 
1938. 

53.  R.  A.  Wisdom.  P.  Dunnill.  end  M D.  Lilly.  Enzyme  and  Microbial  Technology, 
29:1081-1035,  1987. 

54.  R.  A.  Wisdom.  P.  DunniU.  and  M.  D.  Lilly.  Enzyme  and  Microbial  Technology, 
6:443-446,  1984, 

55.  J.  M.  WoU,  T.  A.  Hatton,  and  M.  L.  Vaimush.  Biotechnology  Progress.-5;57-62, 

1989. 

56.  I.  C.  Omar.  N.  Nishio.  and  S.  Nagal.  Agriculnml  and  Biological  Chemistry,  51:2153- 
2159,  1987, 

57.  F.  Ergan.  M.  Tram,  and  G.  Andre.  BioiechnoloQr  Letters,  10:629-634,  1988. 

58.  F.  Ergan,  M.  Trani,  and  G.  AiKlre.  Biotechnology  and  Bioengineering,  35:195-200. 

1990. 


59, 

61. 

63. 

65. 

67, 

68. 

70. 

71. 

72. 

73. 


156 

F.  ErganandM.  Trani.  Bioiecluiology  Letters.  13:19-24. 1991. 

M.  M.  Hoq.  H.  Tagami.  T.  Yamane.  and  S.  Shimiau.  Agncultural  and  Biolo^caJ 
Chemistry.  49-335-341  1985. 

M.  M.  Hoq.  T.  Yamane.  and  S Shimizu.  Joumal  of  the  American  Oil  Chemists' 
Society,  61:776-781,  1984. 

M.  M.  Hoq.  M.  Koike,  T.  Yamane,  and  S.  Shimizu.  Agricultural  and  Biological 
Chemistry,  49:3171-3178,  1985. 

C.  Tanford.  in  K.L.  Mrtial  (ed.)  Micellizaiion,  Solubilization  and  Microemulsioita." 
, Plenum  Press,  New  York  1977. 

T.  P.  Hoar  and  J.  H.  Schulman.  Nature,  152:102,  1943. 

R.  Leung,  M.  J.  Hou,  C.  Manohar,  D.  0.  Shah  and  P.  W,  Chun,  in  D.  O.  Shah  (ed.). 
Macro-  and  Microemulsions,  American  Chemicai  Society.  Washington  □.  C.  1985 
p.  325. 

C.  Oldfield,  G.D.  Rees,  B.H.  Robinson,  and  RB.  Freedman.  In  C.  Laarte,  J.  Tiamper, 
and  M.D  Lilly,  (eds)  Biocatalysis  in  Organic  Media,  pages  119-123.  Elsevier, 
Amsterdam.  1987. 

J.Th.G.  Oveibeek,  Discussion  Faraday  Sodety  65,  7,  1978. 

D. I.  Mitchell  and  B.W.  Ninhatit,  Journal  of  Chemical  Socity,  Faraday  Trans.  2. 77, 
601,  1981. 

C.A.  Martin  and  L.J.  Magid,  Journal  of  Physical  Chemistry,  85,  3938,  1931. 

H.  Kuneida  and  K.  Shinoda.  Joumal  of  Colloid  and  Interface  Science,  70:577-583, 
1979. 

H.  F.  Eicke.  In  H.  F.  Bcke  and  C.  D.  Parfilt,  editors,  Inierlacial  Phenomena  in 
Apolar  Media.  Surfactant  Sdertce  Series,  Vol.  21.  pages  41-92.  Marcel  Dekker, 
New  York.  1987 

A.  S Bommariua,  J.  F.  Holzwarth,  D.  I.  C.  Wang  and  T.  A.  Hatton.  Joumal  of 
Physcal  Chemistty,  94:7232-7239.  1990. 

P.  D.  I.  Fletcher  and  B.  H.  Robinson.  Berichte  der  Bunsengcsellschaft  Fuer 
Physikalische  Chemie.  85:863-367,  1981. 


157 


74.  P,  L.  Luisi.  M.  Giomixii,  M P.  Pileiu,  and  B.  H.  Robinson.  Biochinuca  el  Biophysics 
Acla  947:209-246,  1988. 

75.  P.  L.  Luildand  L.  J.  Magid.  C.R-C.  Crilical  Reviews  in  Biochemiaty.-20:409-474. 

1986. 

76.  M.Waks.  Prolans:  Slniciure,  Function,  and  Geneiies,  1:4-15, 1986 

77.  R.E.  SmithandP.  L.  Luisi.  Helvetica  Chemica  Acla,  63:2302-231 1, 1980. 

78.  W.  B.  Bedwell  and  E.  Gulari.  Journal  ofColloid  and  Interface  Science,  102:88-100, 
1984. 

79.  R.  UungandD.  0.  Shah.  Journal  ofCoUoid  and  Interface  Science,-l20:330-344, 
1987 

80.  E.  Sheu.  K.  E.  Gokleii.  T.  A.  Hanon,  and  S.  K.  Chen.  Biotechnology  Progreas, 
2:175-186.  1986. 

81.  G.  G.  Zampieri.  H.  Jackie,  and  P.  L.  Luisi.  Journal  of  Physical  Chemistry,  90: 1849- 
1883.  1986 

82.  C.  Laane  and  M.  Dekker.  In  K.  L.  Mittal,  editor,  Surfactanls  in  Solution,  Vol.  9. 
pages  1-14.  PlenumPress,  New  York,  1989. 

83.  M.  Dddcer,  R.  Hilhotsi,  and  C.  Laane  Analytical  Biochemistry,  178:217-226,  1989. 

84.  P.  O.  I.  Fletcher  and  D.  Parrolt.  Journal  of  the  Chemical  Society:  Faraday 
Transactions  1. 84:1 131-1 144.  1988 

85.  K.  E.  Goklen  and  T.  A Hatton.  Separation  Science  and  TechDology.-22:831-S41. 

1987. 


86.  E B.  Leodidis  and  T.  A Hatton.  Journal  ofPhysicalChemistiy,  94:6400-6411,  1990. 

87.  M.  £.  Leser.  P.  L.  Lui^  and  S.  Palmieri.  Biotechnology  and  Bioengineering, 


88.  D.  Bratko,  A Luair.  and  S.  H.  Chen.  Journal  of  Chemical  Pi^eics,  89:545-550,  1988. 

89.  P.  Bruno.  M.  Caselli.  P.  L.  Luisi,  M.  Maestro,  and  A.  Traini.  Journal  ofPhyaical 
Chemistry,  94:5908-5917,  1990. 


IS8 

90.  D.  Langevin.  [n  P.  L Luisi  and  B.  E.  Straub,  editors.  Reverse  MiceLes:  Biological 
and  Technolopcal  Relevance  of  Amphiphilic  Smicrure  in  Apolar  Media,  pages  287- 
303.  Plenum  Press,  New  York,  1984. 

91.  C.  A.  Miller  and  S.  Qutubuddin.  InH.  F.  EickeandG.  D.  Paifill,  editors,  Inierfacial 
Phenomena  in  Apolar  Media:  Siitfaclanl  Science  Series,  Vol.  21.  pages  I I7-18S. 
Marcel  Dekker,  New  York,  1987. 

92.  C.  G Azon.  J.  G.  Gonzales.  M.G.  Lazaro,  S.  P.  Ballesier.  C.  M.  Tebudo,  and  J.  C. 
Lopez.  In  K.  L.  Mittal  editor.  Surfactants  in  Solution,  Vol.  10.  pages  203-212. 
Plenum  Press,  New  York,  1989. 

93.  C.  O'Connor.  In  H.  F.  Eicke  and  G.  D.  ParSti,  editors.  Inteifacial  Phenomena  io 
ApolarMedia  Surfactant  Science  Series.  Vol.  21,  pages-187-255.  Marcel  Dekker, 
New  York,  1987. 

94.  B.  Briscoe  and  D.  Tabor.  Lubrication.  In  H.  F.  Eicke  and  G.  D.  Pai£tt.  editors. 
Interfacial  Phenomena  in  ApolarMedia:  Surfactant  Stdence  Series.  VoL  21,  pages 
327-359.  Marcel  Dekker.  New  Yorit,  1987. 

95.  R.  B.  McKay.  In  H.  F.  Eicke  and  G.  D.  Parfitt.  editors,  Interfacial  Phenomena  in 
ApolarMedia:  Surfactant  Science  Series.  Vol.  21.  pages-361-403.  Marcel  Dekker. 
New  York,  1987. 

96.  E B.  Leodidis  and  T.  A.  Hatton.  Langmuir,  5:741-753,  1988. 

97.  C.  Vijayalakshmi.  Microemulsion  mediated  extraction  and  separation  of  metal  ions. 
PhD  thesis,  The  University  ofMichigan,  1990. 

98.  C.  W.  Chew  and  L.  M.  Gan.  In  K.  L.  Mittal,  editor.  Surfactants  in  Soludon,  Vol  10, 
pages  243-25 1 . Plenum  Press.  New  York,  1 989. 

99.  P.  Speiser.  In  P.  L Ltiisi  arul  B.  £ Straub,  editors.  Reverse  Micelles:  Biological  and 
Technologjcal  Rdevance  of  Amphiphilic  Strucutre  in  ApolarMedia,  pages  339-346. 
Plenum  Press,  New  York.  1984. 

100.  P.  L.  Luiai,  P.  Meier,  V E.  Imre,  and  A.  Panda.  In  P.  Luiai  and  B.  Straub,  editors. 
Reverse  Micelles:  Biological  and  Technological  Rdevance  of  Amphiphilic  Sirucutre 
in  Apolar  Media,  pages  323-337.  Plenum  Press,  New  York.  1984. 

101.  D.  Chaienay,  W Urbach.  A.  M.  Cazabat,  M.  Vacher,  and  M.  Waks 
Journal,  48:893-898,  1985. 


s.  Biophysica 


1S9 

102.  K.  Maninek.  A.  V Uvasliov.  N.  Klyachko,  Y.  L.  Khmelniiski.  and  I.  V Berezin. 
European  Journal  ofBiochemistiy,  144:453-468,  1086. 

103.  Y.  L.  Khmelnliski.  A V.  Levashov,  N.  L.  Klyachko.  and  K.  Martinek.  Russian 
Chemical  Reviews,  53:319-331,  1984. 

104.  P L.  Luisi.  Angewandie  Chemie.  24:439-528,  1985 

105.  J.  Shield,  H.  D.  Ferguson.  A.  S.  Bommarius,  and  T.  A Haiion  Industrial 
Engiiieeiing  and  Chemistry  Fundamentals,  25:603-612, 1986. 

106.  P.  Luthi  and  P.  L.  Luis.  Journal  of  the  American  Chemical  Society.  106:7235-7236. 
1934. 

107.  P.L.  Luisi.  Angewandie  Chemie,  24:439-528, 1985. 

108.  P.  D.  1.  Fletcher,  R.  B.  Freedman,  J.  Mead,  C.  Olddeld,  andB.  H.  Robinson.  Colloids 
and  Surfaces.  10:193-203,  1984. 

109.  E.  RuckensteinandP.  Karpe.  Biotechnology  Letters,  12:241-246,  1990. 

1 10  E.  RuckensteinandP.  Karpe.  Biorechnoiogy  Letters,  12:817-820,  1990. 

111.  M.  Bianuccl. M.  Maestro,  and P Walde.  Chemical Physcs,  ]4]:273-283,  1990. 

1 12.  A.  V.  Kabanov,  A.  V.  Levashov.  N.  L.  Klyachko,  S.  N.  Narayotkin,  and  A V. 
Pshezhetsky.  Journal  ofTheoretical  Biology,  133:327-343,  1988. 

113.  T.  A Hatton.  AlChE  Narional  Meeting,  Chicago,  November,  1990,  Paper  no.  I09B. 

114.  B.Sleiiimanii.H.  Jackie,  and  P.L.  Luisi.  Biopolymers,  25:1133-1 156, 1986. 

115.  P.  Walde  Q Peng.N.  W.  Fadnavis,  E.  Baltistel,  andP.  L.  Luis.  European  Journal 
ofBiochemisUy,  173:401-409.  1988. 

116.  K.  Maninek.  Y.  L.  KJunelnitskii,  A V.  Levashov,  and  I.  V.  Berezin  Doklady 
AkiulemS  Nauk  USSR,  263:737-741.  1982. 

1 17.  R Bru,  A S.  Ferrer,  and  F.  G.  Camrona.  Biochemistry  Journal,  259:355-361,  1989, 

118.  P.  Brodietle,  C.  Petit,  andM.  P.  Pileni.  Journal  of  Physical  Chemistry,  92-3505- 
3511, 1988. 


160 

1 19.  D.  Chmenay.  W Urbach.  C.  Nicoi,  M.  Vacher.  and  M.  Waks.  Journal  of  Physical 
Chemistry.  91;2I98-2291.  1937. 

120.  D.  Kan  and  J.  S.  Rhee.  Biolechnoloey  and  Bioengineering,  23:1250-1265.  1985. 

121.  E.  A.  Malakhova,  B.  I.  Kurganov,  A.  V.  Levashov,  1.  V.  Berezin,  and  K.  Maninek. 
Doklady  Akademli  Nauk  USSR,  270:47d-477, 1983. 

122.  E.  Osterberg,  C.  RistolT.  and  K.  Holmerg.  Tenside  Surfactants  Detergents.  25:293- 
297,  1985. 

123.  P.  Walde  and  P.  L.  Luisi.  Biochemistry.  28:3353-3360, 1989. 

124.  P.  D.  I Fletcher  and  B.  H.  Robinson.  Journal  of  the  Chemical  Society:  Faraday 
Transactions  1.81:2667-2679,  1985. 

125.  C.  J.  O'Connor.  1.  C.  Siockley,  and  P.  Walde.  Australian  Journal  of  Chemistry, 
39:2037-2048,  1987. 

126.  M.  H.  Menton  and  P.  J Worsfold.  Analytical  Proceedings.  23:418-419, 1986. 

127.  D.  Han  and  J.  S.  Rhee.  Biuiechoology  Letters.  7:651-656.  1985. 

128.  D.  Hart,  J.  S.  Rhee,  and  S.  B.  Lee.  Biotechnology  and  Bioengineering,  30:381-388, 
1987. 


129.  K.  Holmberg  and  E.  Osterberg.  Journal  of  the  American  Oil  Chemists' Society, 
65:1544-1543.  1988. 

130.  S.  Moriia,H.  Naiita,T.  Maloba,andM.  Kilo.  Journal  of  the  American  Oil  Chemists' 
Society.  61:1571-1574.  1984 

131.  A M.  Rao,  H Nguyen,  and  V T.  John.  Bloiechitology  Progress.  6:465-471. 1990. 

132.  M.  B.  Stark.  P.  Skogerlind,  K.  Holmberg,  and  J.  Carlfors.  Colloid  and  Polymer 
Science.  268:384-388.  1990. 

133.  D.  Han,  D.  Y.  Kwon.  and  J.  S.  Rhee.  Agricultural  andBlological  Chemistry,  51:615- 
618,  1987. 

134.  P.  Walde.  Journal  of  the  American  Oil  Chemists' Society,  67:1 10-1  IS.  1990. 

135.  P.  Walde  and  P.L.  Luisi.  Bioche 


emistry,  23:3353-3360  1939. 


161 

136.  M.  Bello.  D.  Thomas,  and  M.  D.  Legoy.  Biochemical  and  Biophysical  Research 
Communications,  146:361-367, 1987. 

137.  M.  Rao.  M.  A.Munay.  V.T.  John.andG.  /Graham.  Biocaialysis,  4,  1991. 

138.  C.  Oldfield.  G.  D.  Rees.  B H Robinson,  and  R.  B Freedman  In  C.  Laone,  J. 
Tramper,  and  M.  D.  Lilly,  editors,  Biocaialysis  in  Organic  Media,  pages  119-123. 
Elsevier,  Amsterdam,  1 987. 

139.  M.  Bello.  M.  Pievic,  H.  Adenier.  D.  Thomas,  andM.  D.  Legoy.  C.  R Acad.  Set. 
Paris,  303:187-192. 

140.  G.  Abraham.  M.A.  Murray,  and  V.T.  John.  Biotechnology  Letters,  10:555-558, 
1988. 

141.  K.  Holmberg and E.  Osierbcrg.  ProgressinCollt^  and  Polymer  Science,  74:98-102, 
1987. 

142.  K.  Holmbcrg  and  E Osterberg.  Transesterification  process,  1987,  European  Patent 
0-237-092. 

143.  K.  Holmberg,  B.  Lassen,  and  M.  B.  Static.  Journal  of  the  American  Oil  Chemists' 
Society,  66:1796-1800,  1939. 

144.  P.  D.  I.  Fletcher.  R.  B.  Freedman,  B.  H.  Robinson  G.  D.  Reea  and  R-  Schomacker. 
Biochlmics  el  Biophysica  Acta.  912:278-282,  1987. 

145.  D.  0.  Shah  and  J.  H.  Schulman.  J.  Colloid  Interface  Sc.  1967c. 

146.  A.  H.  Hughes.  Biochim.  J.  29:437  193Sb. 

147.  R.  M.  C.  Dawso^  and  A.  D.  Bangham.  Biochim.  J.  72:493  1959. 

148.  R.  M.  C.  Dawson,  and  A.  0.  Bangham,  Biochim.  J.  75:133  1960. 

149.  A.  E Alexander,  and  E.  K.  Rideal,  Proceedings  ofRoysl  Society,  AI63:70  1937. 

150.  B.  Kuge-Jensen.  D.  R Calluazo,  and  R C.  Jensen,  Journal  of  American  Oil  Chemists' 
Society  65:905  1988. 

151.  B.  Huge-Jensen,  O.  R.  Calluzao  and  R.  C.  Jensen,  Lipids  22:559  1987. 


I Oil  Chemisls'  Society,  55:  649. 


152.  T.  Rjisom  and  L.  HofTmeyer,  Journal  of  American 

153.  J.  C.  Brown.  P.  N.  Pusey.  and  R.  Dietz.  Journal  of  Chemical  Physics.  62:1 136  1975. 

154.  D.  Koppel,  Journal  ofChemical  Physics,  57:4814  1971. 

1 55.  E.  0.  Slejskal,  and  J.  E.  Tanner.  Journal  ofChemical  Physics.  42:414  1965. 

156.  P.  C.  deCermes,  and  C.  Taupin.  Journal  of  Physical  Qemistry,  36:2294  1982. 

157.  A.  CaJje,  W.  Agterot  and  A.  Vr^,  Micellizacion,  Solubilization  and  Microemulsiona. 
edited  by  K.  L.  MiuaL  Pleiuun  Press,  New  York.  1977,  p 780. 

158.  J.  K.  Thomas,  Chemical  Reveiw,  80.283  1980. 

159.  P.  D.  I Fletcher,  B.  H.  Robinson,  F.  B.  Barrera,  and  D.  G.  Oakenfull, 
Microemulsions,  edited  by  I.  D.  Robb.  Plenum  Press,  New  York.  1982,  p 1663. 

160.  A.  Jayshiishnan.  and  D.  0.  Shah,  Journal  ofPolymer  Science,  Polymer  Letters  Ed., 
22:31  1934. 

161  J.  Blais,  B.  Clin.  P.  Lalanne.  and  B.  Lemonceau.  Journal  ofChemical  Physics.  74:11 


162.  B.  Lindman.  P.  Stilhs,  and  M.  E.  Moseley,  Journal  of  Colloid  Interface  Science, 
83:569  1981. 

163.  M.  Lagues,  R.  Ober.  and  C.  Taupin,  Journal  of  Physics  Letters,  39:L^S7  1978. 

164.  K.  E.  Bennett,  J.  C.  Hatfield,  H.  T.  Davis,  C.  W.  Mocosko,  and  L.  E.  Scriven, 
Microemulaons.  edited  by  1.  D.  Robb,  Plenum  Press,  New  York,  1985,  p 1365. 

165.  S.  J.  Chen,  D.  F.  Evans,  and  B.  W.  Ninham.  Journal  of  Physical  Chemistry,  88:1631 
1984. 

166.  B.  Lindman,  N.  Komenka,  T.  Karthopoulis,  B.  Brun,  and  P.  Nilsson,  Journal  of 
Physical  Chemistry,  84:2484  1980. 

167.  M.  Zulauf,  and  H.  F.  Eicke,  Journal  of  Physical  Chemistry,  33:430  1979. 

168.  A.M.  Cazabat,  D.  Langovin,  and  A.  Pouchclon,  Journal  ofColloid  Interface  Science, 
73:1  1980. 


163 


E.  W.  Kaler,  H.  T.  Davis,  anil  L.  E.  Scriven,  Journal  of  Chemical  Phyacs.  79:5685 


70.  M.  J.  Hou.  M.  Kim,  and  D.  O.  Shah.  Joumai  of  Colloid  Inleiface  Science.  123:398 
1988. 

71.  K.  Holn*crg.  andE.  Osterberg.  Progress  Colloid  Polmer  Sdence,  74:150  1987. 

72.  K-Holniierg,  andE.  Osierberg.  Joumai  of  American  Oil  Chemists'  Society.  65:1544 


73.  S.  Barbaric,  and  P.L.Luisi.  Journal  of  American  Chemical  Society.  103:42391981. 

74.  A.  R.  Macrae,  and  R C.  Hammond.  Biotechnology  Generics  Engineering,  3:193 
1985 

75.  R.  Hilhorst.  C.  Laane  and  C.  Veeger,  FEES  Letters,  159:225  1983. 

76.  P.  L.  Uiisi.  andB.  Sleinmann-Hofnunn.  Methods  in  Eni^ology  136:188  1987. 

77.  D.  Hayes,  and  E.  Culati.  Biolechnolo^  Bioengineering,  35:793  1990. 

78.  A.  M.  Th.  J.  Deveer.  R.  Dijkman,  M.  L.  Tjeenk,  L.  van  den  Berg,  S.  Ransac,  M. 
Balenburg.  M.  Egmond.  H.  M.  Verhej,  and  G.  H.  de  Haas,  Biochemistry,  30:10034 
1991. 

79.  D.  Hayes,  andE.  Gulari,  Biotechnology  Bioengineering,  38:507  1991. 

80.  A.  M.  Brozoaowski,  Nature,  343:767  1990. 

81.  F.  Ergan,  and  G.  Andre,  Lipids,  24:76  1979. 

82.  R Schuch.  and  K.  D.  Mukhetjee.  Ap^ied  Microbiolo^  Biotechnology,  30:332  1989, 

83.  R.  M.  C.  Dawson.  Biochemical  Joumai,  98:35c.  1966. 

84.  G.  Colacicco,  Nature,  233:202  1971. 

85.  J.  W.  Lagocid,  J.  H.  Law.  and  F.  J.  Ready.  Joumai  of  Biological  Chemistry.  248:530 
1973. 

86.  M.  B.  Storti.  P.  Skagerlind.  K.  Kolmberg  and  J.  Carlfbrs,  Colloid  & Polymer  Science, 
268:384  1990. 


205 


I6S 

G.  L.  Gaines.  Jr.,  in  Insoluble  Monolayers  ai  Liquid-Gas  Inlerlace.  Wiley- 
Inierscience.  New  Yorit.  1966.  p.3 14 

A.  R Hughes  and  E.  K.  RideaL  Proceedings  of  the  Royal  Society  of  London  Senes 
A 140:253.  1933. 

206.  ].  Marsden  and  E.  K.  Rideal.  Journal  ofChemical  Society.  1 163,  1933. 

207.  R.  Miilelmen  and  R.  C.  Palmer.  Transection  of  Faraday  Society  38:506, 1942. 

208.  K.  Eda.  Journal  ofChemical  Society.  Japan  Pure  Ghent.  SecL  73:260.  1952. 

209.  A.  R.  Gilby  and  A.  E Alexander.  Australian  Journal  of  Chemistry  9:347.  1956. 

210.  M.  Iwahashi,  K.  ToyokL  T.  Watanabe  and  M.  Muramatsu.  Journal  of  Colloid 
Interface  Science,  79:1.  1981. 

211.  A.J.EIIIotandS.Padam5hl,  Journal  of  Colloid  Interface  Science.  104:1.  1985. 

212.  B.  S.  Misiry  and  D.  B.  Min,  Journal  of  Food  Science  Vol.  53. 6:30  1983. 

213.  R.  A.  Bunon  and  R.  J.  Mannheimer.  Ordered  Fluids  and  Liquid  Ciystals,  Advances 
in  Chemistiy  Series  No.  63.  Amer.  Chem.  Soc  , Washington.  D.  C..  1967  p.  315. 

214.  R.  J.  Monnhnmer  and  R.  S.  Schechter.  Journal  of  Colloid  Interface  Science,  27:324, 
1968. 

215.  A J.  Pinlor,  A B.  Israel  artd  D.  T.  Wosan  Journal  of  Colloid  Interface  Science.  37:52 
1971. 

216.  L.  y.  Wei  and  J.  C.  Sialtery,  in  Colloid  and  Interface  Sdence  Vol.  IV.  Academic 
Press,  New  York.  1976  p.  399. 

217.  D.  R.  Metker  and  B.  F.  Daubett.  Journal  of  Physical  Chemisity,  68:2064  1964. 

218.  G.  L.  Gaines,  Jr.,  in  Insoluble  Monolayers  at  Liquld-Gss  Interface,  Wiley- 
Interscierice.  New  York,  1966,  p.246 

219.  K.  S.  Chan  and  D.  0.  Shah.  Journal  of  Dispersion  Science  and  Technology, 
1(1)  55  (1980). 


BIOGRAPHICAL  SKETCH 


Chtiiaranjan  P.  Singh  was  born  un  October  15.  I960,  in  Bhairopur.  Bihar, 
India.  He  received  his  B.S.  degree  in  chemical  engineering  from  Bihar  Insiiiuie  of 
Technology(B.l.T.),Sindri.  Bihar,  India,  in  August.  19S5.  He  joined  the  Bihar  State 
Super  Phosphate  Factory  as  a Shift  Engineer  in  September.  1985  and  worked  there 
until  January  1987.  He  also  taught  as  a part  time  lecturer  at  B.I.T.,  Sindri,  from 
January  1986  to  Jauuary  1987.  Subsequently,  he  joined  Projea  and  Development 
India  Limited  (P.D.I.L.).  Bihar,  us  a Management  En^neer  in  the  planning 
department  and  worked  there  until  May  1988.  He  entered  the  University  of  Florida 
as  a Ph.D.  student  in  May  1989. 

C.  P.  Singh  received  his  Ph.D,  in  chemical  engineering  from  the  University  of 
Florida  under  the  supervision  of  Professor  D,  O.  Shah  in  1994.  He  was  awared  a 
1994  Research  Assodateship  for  two  years  from  the  Nadonal  Research 
Council/Naval  Research  Laboratory  under  the  program  offered  by  the  National 
Academy  of  Sriences. 


] certify  that  1 have  read  this  study  and  that  In  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissertation  for  the  degree  of  [doctor  of  Philosophy. 

Dinesh  O.  Shah.  Chainmui 
Professor  of  Chemical  Engineering 

I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Professor  of  Chemical  Engineering 


1 certify  that  1 have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  hilly  adequate,  in  scope  and 
quality,  as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Spyrossvoronos 

Professor  of  Chemical  En^neering 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and 
quality,  as  a dissertation  fur  the  degree  of  Doctor  of  Philosophy. 


Gerald  6.  Westermann'Oarlt 
Associate  Professor  of  Chemical 
Engineering 

1 certify  that  1 have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and 
quality,  ns  a dis.<ertation  for  the  degree  of  Doctor  of  Philosophy. 


Professor  of  Materials  Science  and 
Engineering 


This  diueriaiion  was  submiued  lo  the  Graduate  Faculty  of  the  College  of 
Engioeering  and  to  the  Graduate  School  and  was  accepted  as  partial  fuirdlment  of 
the  requirements  for  the  degree  of  Doctor  of  Philosopl^ 


Karen  A.  Holbrc 
Dean,  Graduate 


